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ABSTRACT
We study the stellar populations of 1, 923 elliptical galaxies at z < 0.05 selected from the Sloan
Digital Sky Survey as a function of velocity dispersion, σ, and environment. Our sample constitutes
among the largest high-fidelity samples of elliptical galaxies with uniform imaging and optical spec-
troscopy assembled to date. Confirming previous studies, we find that elliptical galaxies dominate
at high luminosities (& L∗), and that the highest-σ ellipticals favor high-density environments. We
construct average, high signal-to-noise spectra in bins of σ and environment and find the following:
(1) lower-σ galaxies have a bluer optical continuum and stronger (but still weak) emission lines; (2)
at fixed σ, field ellipticals have a slightly bluer stellar continuum, especially at wavelengths . 4000
A˚, and have stronger (but still weak) emission lines compared to their group counterparts, although
this environmental dependence is strongest for low-σ ellipticals and the highest-σ ellipticals are much
less affected. Based on Lick indices measured from both the individual and average spectra, we find
that: (1) at a given σ, elliptical galaxies in groups have systematically weaker Balmer absorption
than their field counterparts, although this environmental dependence is most pronounced at low σ;
(2) there is no clear environmental dependence of 〈Fe〉, while the α-element absorption indices such
as Mg b are only slightly stronger in galaxies belonging to rich groups. An analysis based on simple
stellar populations (SSPs) reveals that more massive elliptical galaxies are older, more metal-rich and
more strongly α−enhanced. We also find that: (1) the SSP-equivalent ages of galaxies in rich groups
are, on average, ∼ 1 Gyr older than in the field, although once again this effect is strongest at low σ;
(2) galaxies in rich groups have slightly lower [Fe/H] and are marginally more strongly α−enhanced;
and (3) there is no significant environmental dependence of total metallicity, [Z/H]. Our results are
generally consistent with stronger low-level recent star formation in field ellipticals at low σ, similar
to recent results based on ultraviolet and infrared observations. We conclude with a brief discussion
of our results in the context of recent theoretical models of elliptical galaxy formation.
Subject headings: galaxies: fundamental parameters (classification, colors, luminosities, masses, radii,
etc.) — galaxies: elliptical and lenticular, cD — galaxies: formation – galaxies:
evolution – galaxies: stellar content
1. INTRODUCTION
The formation and evolution of elliptical galaxies re-
mains one of the most challenging open problems in
the general theory of galaxy formation and evolution.
In the current standard ΛCDM cosmological model
(Komatsu et al. 2010), structure grows hierarchically
(White & Rees 1978) and merging is an unavoidable
process in galaxy formation. It has long been pro-
posed that spiral galaxies may eventually merge and
form elliptical galaxies (Toomre 1977). Recent improve-
ments in both observations and numerical simulations
have yielded remarkable support for the merging picture.
Deep photometry (Ferrarese et al. 1994; Kormendy et al.
1994; Lauer et al. 1995; Kormendy 1999; Lauer et al.
2005; Ferrarese et al. 2006; Lauer et al. 2007; Coˆte´ et al.
2007; Kormendy et al. 2009) with the Hubble Space Tele-
scope (HST) and integral-field spectroscopy (Bacon et al.
2001; Emsellem et al. 2007; Cappellari et al. 2007) have
shown that lower-mass elliptical galaxies with M <
M∗ in general have cuspy (extra-light) surface bright-
ness profiles in their centers and are kinematically sup-
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ported by relatively fast rotation, while more mas-
sive elliptical galaxies with M > M∗ have “core-
like” central surface brightness profiles (i.e., missing
light), and are usually slow rotators. Recent numer-
ical studies (Mihos & Hernquist 1994; Cox et al. 2006;
Naab & Ostriker 2009; Hopkins et al. 2009a) have shown
that gas-rich mergers between disk galaxies (wet merg-
ers) can produce a cuspy central surface brightness profile
and the fast rotational kinematic signature of low-mass
elliptical galaxies, while subsequent gas-poor mergers be-
tween less massive elliptical galaxies (dry mergers) then
will form more massive elliptical galaxies (Naab et al.
2006; Hopkins et al. 2009b).
The mass and luminosity functions of massive red
galaxies from deep high redshift surveys at z ∼ 1 also
suggest that dry mergers could have played an impor-
tant role in elliptical galaxy formation since redshift one
(Bell et al. 2004b; Faber et al. 2007). However, whether
or not dry mergers are important remains controver-
sial. Other studies show that massive red galaxies may
have not undergone many dry mergers since redshift
unity (Cimatti et al. 2006; Brown et al. 2007; Cool et al.
2008). Merger rate studies also draw various conclu-
sions about the significance of dry mergers (Bell et al.
2004a, 2006a,b; Masjedi et al. 2006, 2008; Robaina et al.
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2010). Meanwhile, studies of early-type galaxies3 at very
high redshift show that a significant fraction of massive
evolved spheroidal stellar systems are already in place at
very high redshift (z & 2). Most of them appear to be
very compact (Daddi et al. 2005; Longhetti et al. 2007;
Toft et al. 2007; Trujillo et al. 2007; van Dokkum et al.
2008; Cimatti et al. 2008; Saracco et al. 2009) and it is
possible that through minor mergers or gradual accretion
they can evolve to elliptical galaxies at the present day
(Naab et al. 2009; van Dokkum et al. 2010).
An alternative way to place strong constraints on
elliptical galaxy formation theory is through the de-
tailed study of the local universe. Such work has
been extensively undertaken for decades. Besides
the deep photometric surface brightness profile and
integral-field spectroscopic kinematic studies cited above,
a non-exhaustive list includes: various scaling rela-
tions (e.g., the Faber-Jackson relation, the fundamental
plane, etc.) (Faber & Jackson 1976; Dressler et al. 1987;
Djorgovski & Davis 1987); the color-magnitude diagram
(Faber 1973; Bower et al. 1992; Blanton et al. 2003b;
Hogg et al. 2004; Baldry et al. 2004; Balogh et al. 2004);
and absorption-line indices (Peletier 1989; Worthey et al.
1992; Jørgensen 1999; Trager et al. 2000a; Thomas et al.
2005, hereafter T05; among many others). These stud-
ies show that elliptical galaxies have remarkably uniform
properties and that their stellar mass content is domi-
nated by old stellar populations.
The study of environmental effects can also shed light
on the theory of elliptical galaxy formation and evo-
lution. It has been known for some time that the
most massive and luminous galaxies favor high-density
regions (Dressler 1980; Binggeli et al. 1988; Hogg et al.
2003, 2004; Kauffmann et al. 2004; Croton et al. 2005;
Blanton et al. 2005a; Blanton & Moustakas 2009), lend-
ing support to the hierarchical model (e.g., Mo & White
1996; Lemson & Kauffmann 1999; Berlind et al. 2005).
Numerous studies have also investigated the environ-
mental dependence of the scaling relations. For ex-
ample, the fundamental plane for early-type galax-
ies seems to show a small dependence on environ-
ment (e.g., Bernardi et al. 2006; La Barbera et al. 2010).
The color-magnitude relations in different environments
also exhibit a weak, though statistically significant dif-
ference (e.g., Bernardi et al. 2003b; Hogg et al. 2004;
Skibba et al. 2009; Blanton & Moustakas 2009). A num-
ber of studies show that the index-velocity disper-
sion (σ) relations such as Mg-σ and Fe-σ show no or
a weak dependence on environment (e.g., Jørgensen
1997; Trager et al. 2000a; Sa´nchez-Bla´zquez et al. 2003,
among others). However, interpretation of these weak
dependencies is complicated. T05, using a sample of
124 E/S0 galaxies and recent simple stellar populations
(SSP) models (Thomas et al. 2003b, hereafter TMB),
find that massive early-type galaxies in low-density en-
vironments are on average ∼ 2 Gyr younger and slightly
more metal-rich than their counterparts in high-density
environments. Sa´nchez-Bla´zquez et al. (2006b), using a
sample of 94 E/S0 galaxies reported similar results.
One surprising recent finding is that many ellipti-
3 In this paper, we refer to elliptical and lenticular galaxies
(E/S0) as early-type galaxies, but we only include elliptical galaxies
(E) in our sample.
cal galaxies seem to have a non-negligible fraction of
young stars. Absorption line studies and fundamental
plane studies favor a “frosting” model in which early-
type galaxies consist of an old base population with
a small amount of younger stars (e.g., Trager et al.
2000b; Gebhardt et al. 2003; Schiavon 2007, S07 here-
after). Results from the Galaxy Evolution Explorer
(GALEX; Martin et al. 2005), the Spitzer Space Tele-
scope (Werner et al. 2004) and the HST have shown
that a significant fraction of early-type galaxies ex-
hibit strong ultraviolet (UV) excess, polycyclic aro-
matic hydrocarbon (PAH) emission and infrared (IR)
excess, implying possible low-level recent star forma-
tion (Yi et al. 2005; Rich et al. 2005; Kaviraj et al. 2007;
Schawinski et al. 2007; Temi et al. 2009; Young et al.
2009; Salim & Rich 2010). Recent star formation is
also consistent with observed cold gas in many ellipti-
cals (e.g., Faber & Gallagher 1976; Knapp et al. 1985;
van Gorkom & Schiminovich 1997). Schawinski et al.
(2007) find that the fraction of near-UV (NUV) bright
early-type galaxies is ∼ 25% higher in low-density en-
vironments, possibly due to stronger low-level recent
star formation. Kaviraj et al. (2009) suggest that mi-
nor mergers can account for the inferred amount of
star formation. Using spatially resolved spectroscopy,
Shapiro et al. (2010) (see also Kuntschner et al. 2010)
find that star formation in early-type galaxies happens
exclusively in fast-rotating systems and occurs in two
distinct modes: the first with widespread young stellar
populations associated with a high molecular gas con-
tent, and the second with disk or ring morphology (see
also Young 2002, 2005; Young et al. 2008). They suggest
the first may be due to minor mergers, and the second
due to rejuvenation in previously quiescent stellar sys-
tems.
The Sloan Digital Sky Survey (SDSS, York et al. 2000)
has provided the largest set of local galaxies with uni-
form imaging and spectroscopy and offers a great op-
portunity to study the nearby elliptical galaxies in a
systematic and homogeneous way. Previous work using
the SDSS relied on the pipeline outputs in the SDSS
to select early-type galaxies (e.g., Bernardi et al. 2003a;
Eisenstein et al. 2003). This method does not only se-
lect elliptical galaxies, but also lenticular galaxies and
early-type spiral galaxies, which may have different prop-
erties and formation pathways. Because the SDSS pro-
vides high-quality imaging for nearby galaxies, we re-
analyze these images, use their detailed surface bright-
ness profiles to preselect bulge-dominated galaxies, and
visually examine the bulge-dominate galaxies to select
a high-fidelity clean sample of 1, 923 elliptical galaxies.
Our sample constitutes among the largest high-fidelity
samples of elliptical galaxies with uniform imaging and
spectroscopy assembled to date. Comparable samples
are the visually selected early-type galaxy samples from
the Galaxy Zoo project (e.g., Schawinski et al. 2009) and
the MOrphologically Selected Early-types in the SDSS
project (MOSES, Schawinski et al. 2007; Thomas et al.
2010) — however, these samples are at larger distances
than ours (z > 0.05), which at the spatial resolution of
the SDSS images makes the classification problem more
difficult. Using this elliptical sample, we study the de-
pendence on σ and environment of the stellar populations
in elliptical galaxies.
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The rest of this paper proceeds as follows. In §2, we
describe our parent sample and our method for selecting
a high-fidelity sample of elliptical galaxies. In §3, we
present the photometric properties of our sample and
determine their local environments. In §4, we study the
average optical spectra, Lick indices, metallicity and age,
and their dependence on σ and environment. We discuss
our results in the context of theoretical models in §5 and
summarize our principal conclusions in §6.
We adopt a ΛCDM cosmology with Ωm = 0.3,
ΩΛ = 0.7 and H0 = 100 h100 km s
−1 Mpc−1 with
h100 = 0.7. All apparent magnitudes are on the na-
tive SDSS photometric system and all absolute magni-
tudes are on the AB system and corrected for Galac-
tic extinction (Schlegel et al. 1998) and K-corrections
(Blanton & Roweis 2007).
2. DATA AND SAMPLE SELECTION
2.1. Parent sample
The SDSS-I and SDSS-II imaged 11, 663 square de-
grees of the sky in ugriz and obtained optical spectra for
∼ 1.6 million objects, ∼ 0.7 million of which are galaxies
with r < 17.77 mag (e.g., Gunn et al. 1998; York et al.
2000; Strauss et al. 2002; Abazajian et al. 2003). Au-
tomated software performs all of the data processing:
astrometry (Pier et al. 2003); source identification, de-
blending and photometry (Lupton et al. 2001); photo-
metricity determination (Hogg et al. 2001); calibration
(Fukugita et al. 1996; Smith et al. 2002); spectroscopic
target selection (Eisenstein et al. 2001; Strauss et al.
2002; Richards et al. 2002); spectroscopic fiber place-
ment (Blanton et al. 2003a); and spectroscopic data re-
duction. More detailed descriptions of these pipelines
can be found in Stoughton et al. (2002). An automated
pipeline called idlspec2d4 measures the redshifts and
classifies the reduced spectra.
For the purposes of computing large scale structure
and galaxy property statistics, Blanton et al. (2005b)
have assembled a subsample of SDSS galaxies known as
the NYU Value Added Galaxy Catalog (NYU-VAGC)5.
We select our parent sample from the NYU-VAGC
low-redshift catalog, consisting of all galaxies in the
SDSS with z < 0.05. We use the version of this
catalog corresponding to SDSS Data Release 6 (DR6,
Adelman-McCarthy et al. 2006), which contains 77, 149
galaxies.
Due to the difficulty of automatic photometric process-
ing of big galaxies, the SDSS catalog is missing many
nearby, bright galaxies, even though they are contained
within the SDSS imaging footprint; the incompleteness
begins to become important at r . 14.5. Therefore,
to ensure a complete parent sample, we include any
low-redshift galaxies from the Third Reference Cata-
log of Bright Galaxies (RC3; de Vaucouleurs et al. 1991;
Corwin et al. 1994) for which we have ugriz imaging
from the SDSS, but which are not in the NYU-VAGC. In-
cluding 10, 474 galaxies from the RC3, our combined par-
ent sample contains 87, 623 galaxies at z < 0.05 (LowZ;
see Table 1).
We expect all bona fide elliptical galaxies to occupy the
red sequence of the color-magnitude diagram, since even
4 http://spectro.princeton.edu/idlspec2d install.html
5 http://sdss.physics.nyu.edu/vagc/
a modest amount of ongoing star formation will result in
a blue optical color. Therefore, we isolate galaxies on the
red sequence using a luminosity-dependent color cut:
Mg −Mi > −0.05× (Mr + 16.0) + 0.65. (1)
This cut is very generous in that it extends all the way to
the edge of the blue cloud, and should therefore include
most or all of the blue elliptical galaxies found by re-
cent studies (e.g., Fukugita et al. 2004; Schawinski et al.
2009). There are 37, 026 galaxies that satisfy equation
(1), which we define as our photometric red-sequence
parent sample (PhotoRS). Within this sample, 32, 726
have spectroscopy from the SDSS, which we define as
our spectroscopic red-sequence parent sample (SpecRS;
see Table 1).
2.2. Elliptical sample selection
Traditionally, galaxies are classified into different mor-
phological types by visual inspection (de Vaucouleurs
1959; Sandage et al. 1975; Smail et al. 1997; Desai et al.
2007; Lintott et al. 2008). Unfortunately, visual classifi-
cation is inherently subjective, and not feasible for sam-
ples consisting of tens of thousands of galaxies, which has
led to a concerted effort by many different groups to clas-
sify galaxies using objective, quantitative criteria (e.g.,
Conselice et al. 2003; Lotz et al. 2004; Scarlata et al.
2007). However, although quantitative morphological
classification schemes have become increasingly sophis-
ticated, they arguably do not capture the detailed varia-
tion in morphological signatures apparent to the trained
eye (see the recent discussion in Blanton & Moustakas
2009, and references therein). Moreover, in studies of
elliptical galaxies, contamination from early-type disk
galaxies (i.e., S0/Sa), can be significant. Indeed, ob-
jective classification methods have tremendous difficulty
distinguishing bulge-dominated disk galaxies from true
elliptical galaxies, although the two galaxy types may
have experienced very different formation pathways.
Given these various issues, we opt for a hybrid ap-
proach, in which we conservatively preselect elliptical
galaxies using well-defined quantitative criteria, and then
use visual inspection to remove contaminants. Thus we
retain the objectivity of quantitative methods and the
ability to analyze a large parent sample, while still re-
lying on the superb ability of the eye to identify subtle
but important morphological signatures like faint spiral
arms, dust lanes, bars, etc., to help remove contaminants.
In the next three sections we describe our elliptical galaxy
selection in more detail.
2.2.1. The Ellipse method
We first reduce the two-dimensional (2D) images to
one-dimensional (1D) surface brightness profiles using
the Ellipse algorithm (Jedrzejewski 1987, see also
Young et al. 1979; Kent 1983). The Ellipse method
is widely used in the imaging analysis of galaxies be-
cause the isophotes of galaxies are well approximated by
ellipses.
The basic idea of the Ellipse method is to expand
the intensity around an ellipse in a Fourier series (see
Bender et al. 1989 for the expansion in polar coordi-
nates):
I(E) = I0 +
∑
n=1
[An cos(nE) + Bn sin(nE)], (2)
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where I indicates the intensity, E is the eccentric
anomaly, and An and Bn are the higher-order Fourier
coefficients. For a given major axis with length a, we use
n = 1 and n = 2 to find the ellipse that best matches
the measured isophote. Specifically, we first provide an
initial guess for the center of the ellipse (x0, y0), the ellip-
ticity (ǫ), the position angle (φ), and the intensity (I0).
We then calculate An and Bn (n = 1, 2) and update the
parameters by calculating the expected deviation from
the true parameters (see Jedrzejewski 1987), and iter-
ate until the maximum of An and Bn (n = 1, 2) is less
than 4% of the intensity (I0). Next, we measure the
third- and fourth-order harmonics of the resulting in-
tensity distribution using least-squares minimization. If
an isophote is a perfect ellipse then all the coefficients,
(An, Bn), n = 1, · · ·,∞ will be identically zero. Non-zero
coefficients indicate the amount by which the isophote
deviates from the shape of an ellipse. In particular,
A4 > 0 indicates a “disky” isophote, while A4 < 0 corre-
sponds to a “boxy” isophote (e.g., Bender et al. 1989).
We apply the Ellipse method to each galaxy image
in all five bandpasses as a function of the major axis
radius, using a one-pixel step size (0.396 arcsec) along
the major axis. At each step, we save all the parameters,
including the position of the origin (x0, y0), the major
axis length (a), the ellipticity (ǫ), the position angle (φ),
the intensity (I0), the harmonic coefficients (An and Bn
with n = 1, 2, 3, 4), and the total flux within each ellipse.
2.2.2. Bulge-disk decomposition
Given the Ellipse fitting results, we model the sur-
face brightness profile, IR,j , in each bandpass j = g, r, i
simultaneously as a function of radius R using a two-
component “bulge plus disk” model:
IR,j = IB,j exp(−KBR
1
n ) + ID,j exp(−KDR), (3)
where the first term represents a Se´rsic model of index
n (e.g., Se´rsic 1963; Ciotti 1991; Graham & Driver 2005)
for the bulge component (B), and the second term is
an exponential model for the disk component (D). The
parameters KB and KD are length-scale factors for the
bulge and disk component, respectively; they are con-
strained to be equal in all three bandpasses, while the
amplitudes IB,j and ID,j are allowed to vary. Note that
we have chosen not to include the u- and z-band surface
brightness profiles in this analysis because the photome-
try in those bands is considerably noisier.
2.2.3. Preselection and visual inspection
Our goal in this section is to select a high-fidelity sam-
ple of elliptical galaxies. As discussed in §2.2, our strat-
egy is to apply conservative parameter cuts to our ellipse-
fitting results to preselect a sample of spheroidal galax-
ies, and then to visually inspect the resulting sample to
remove contaminating disk-dominated galaxies.
First, we require the bulge-to-total ratio, B/(B +D),
to be larger than 0.7 in all of the three bandpasses.
We then reject galaxies with ellipticities larger than 0.6,
which only rejects a handful of real elliptical galaxies
(see §3.1 and Fig. 4). Next, we parametrize the “fea-
turelessness” of the surface brightness profile by fitting
a straight line to the ellipticity versus radius profile,
and compute χ2 assuming uniform errors for the ellip-
ticities. We define a featurelessness parameter by mul-
tiplying the χ2 by the largest ellipticity in the pro-
file. By exploring training sets, we apply a generous
cut in this parameter to reject non-elliptical contami-
nants while simultaneously minimizing the number of
real elliptical galaxies that are excluded. Finally, because
the instrumental dispersion of the SDSS spectrograph is
69 km s−1, a velocity dispersion measurement smaller
than 70 km s−1 is not reliable6; therefore, we only in-
clude galaxies with σ > 70 km s−1. Among the 32, 726
galaxies in our SpecRS sample (see Table 1), 22, 621 ob-
jects have σ > 70 km s−1, of which 2, 648 survive our
preselection cuts.
Figure 1 presents color images of a randomly selected
subset of our elliptical galaxy sample, sorted by increas-
ing velocity dispersion. Given our generous parame-
ter cuts, however, our procedure does result in some
non-elliptical contaminants, three examples of which are
shown in Figure 2. Among the contaminants are bulge-
dominated SB0 galaxies with very small bars (e.g., Fig. 2
left), galaxies with faint dust lanes (e.g., Fig. 2 middle),
and S0 galaxies with faded spiral structures (e.g., Fig. 2
right). Therefore, we visually examined the preselected
elliptical galaxy sample and excluded such galaxies. Note
that in Figure 1 we have already excluded such galaxies.
Our final sample (Elliptical; see Table 1) contains
1, 923 elliptical galaxies with σ > 70 km s−1. For those
without SDSS spectroscopy, we have performed the same
analysis and selected 430 elliptical galaxies. We refer to
them as the bonus elliptical sample (Bonus). Though we
do not include them in the analysis in the rest of this
paper, we make them publicly available, along with the
Elliptical sample with the SDSS spectroscopy.
Our selection certainly still suffers from some subjec-
tivity and may not be “complete” depending on one’s
definition of an elliptical. Because we aim for a clean
sample, our visual inspection is strict, and we likely ex-
clude some elliptical galaxies that appear ambiguous. In
addition, the bulge and disk decomposition classifica-
tion also possibly identifies real elliptical galaxies with
low Se´rsic index (low concentration) as disk-dominated
galaxies.
For comparison, if we selected early-type galax-
ies in the same way as in Bernardi et al. (2003a) or
Eisenstein et al. (2003), we would select ∼ 5000 galax-
ies, including ∼ 1600 of the galaxies in our Elliptical
sample. Therefore, we could select most of galaxies in
our sample with their selection method, but lenticulars
and early-type spirals would comprise about two thirds
of the sample.
3. THE ELLIPTICAL SAMPLE
Our final sample contains 1, 923 elliptical galaxies with
σ > 70 km s−1 and z < 0.05. In this section, we present
the general properties of the sample, compare them with
the parent and red-sequence samples, and define the local
environment of each galaxy.
3.1. Nature of the red sequence
6 http://www.sdss.org/dr7/algorithms/veldisp.html
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Galaxies can be broadly divided into two groups, the
red sequence and the blue cloud, according to their
broad-band color and luminosity (e.g. Blanton et al.
2003b; Kauffmann et al. 2003; Baldry et al. 2004). In
general terms, red galaxies are early-types with a
spheroidal surface brightness profile, that are dominated
by an old stellar population. However, disk galaxies that
are dusty or have star formation quenched can also ap-
pear red in optical broad-band colors. Thus, the red
sequence in general consists of both disk-dominated and
bulge-dominated galaxies.
For example, Figure 3 shows the broad-band properties
of the Elliptical sample (red dots) compared with the
parent samples. The top left panel of Figure 3 shows
the full LowZ sample, in which elliptical galaxies (red
dots) clearly dominate the luminous end (& L∗) of the
red sequence (see also Marinoni et al. 1999; Bundy et al.
2009). The diagonal line corresponds to equation (1),
the color cut used to define the red sequence in §2.1.
In Figure 3 (top-right) we examine the red-sequence
galaxies (SpecRS) in more detail by plotting the bulge-
to-total ratio (B/(B+D)) versus σ. Red-sequence galax-
ies naturally separate into disk- and bulge-dominated
groups. Note that our cuts in σ and B/(B +D) are vis-
ible in the distribution of the Elliptical sample. Also
note that our cut on bulge-to-total ratio tends to exclude
dwarf elliptical galaxies, which often exhibit exponen-
tial surface brightness profiles (Michard 1985; Schombert
1986; Prugniel & Simien 1997; Caon et al. 1993; Graham
2002; Kormendy et al. 2009).
Although we do not use it for classification, we also ex-
amine the color gradients of the galaxies in our sample.
The lower panels of Figure 3 show the color gradients of
the red-sequence galaxies as a function of Mr (PhotoRS,
left) and σ (SpecRS, right). We define the color gradi-
ent as the color difference between the g− i color within
the 15% light radius and that between the 15% and 90%
light radii. We find that galaxies form two distinctly
different sequences. The central regions of most galax-
ies are redder than their outer regions. For the disk-
dominated galaxies the color gradient increases with lu-
minosity (Tully et al. 1996; Jansen et al. 2000). Mean-
while, for the elliptical galaxies, the color gradient de-
creases marginally with luminosity (Boroson et al. 1983;
see Suh et al. 2010 for an extensive study in a sample
similar to ours). These results suggest that the color gra-
dient can be used as an indicator for morphological clas-
sification (e.g., Park & Choi 2005). The physical cause
of the color gradient is likely that the metallicity de-
creases with increasing radius. Kuntschner et al. (2010)
(see also Spolaor et al. 2009) show that for low-mass,
fast-rotating early-type galaxies the metallicity gradient
increases with mass, while for more massive systems the
metallicity gradient becomes shallower, leading to the
most massive systems being slow rotators with relatively
shallow metallicity gradients. This result is consistent
with the σ/luminosity-color gradient relations we find
here.
In the top panels of Figure 4 we compare the distri-
butions of σ, and ellipticity (ǫ) for the Elliptical and
SpecRS samples. Because ǫ in general varies within a
galaxy, we must choose a particular definition; here we
use the mean value between the 30% and 60% light radii.
We find the distributions of both quantities to be very
different among the two samples. Specifically, elliptical
galaxies contain many more massive galaxies, and have
a median ǫ ∼ 0.2. We also note from Figure 4 (top-right)
that the ǫ < 0.6 cut we applied in §2.2.3 rejects very few
real elliptical galaxies.
The bottom panels of Figure 4 quantify the fraction
of elliptical galaxies in the SpecRS sample as a func-
tion of σ and ǫ. We find that the fraction varies from
. 10% for σ . 100 km s−1 and ǫ & 0.5, to ∼ 80%
for σ & 300 km s−1 and ǫ . 0.1. Note that our selec-
tion was intended to be strict; therefore these fractions
should be treated as lower limits. Nevertheless, these re-
sults suggest that only if one restricts to the luminous end
are red-sequence galaxies typically giant elliptical galax-
ies. At fainter luminosities (L . L∗), disk-dominated
galaxies constitute the bulk of the red sequence. As we
pointed out above, part of this trend with luminosity is
due to our bulge-to-total cut; lower luminosity ellipticals
in general have smaller Se´rsic indices (e.g., Graham 2002;
Kormendy et al. 2009) and our procedure may start ex-
cluding those when they become consistent with expo-
nential profiles. Selecting a reliable sample of fainter el-
liptical galaxies would require more information than we
use here.
3.2. Local environment
There are various ways to define the local environment
of a galaxy (Bernardi et al. 2003a; Eisenstein et al. 2003;
Balogh et al. 2004; Park et al. 2007; Schawinski et al.
2007). For instance, parametrizing the environment with
local density separates the central and the outer regions
of a cluster, while using group membership can separate
galaxies associated with groups from those isolated in
the field. Here, we will compare galaxies in groups to
isolated field galaxies.
We use a Friends-of-Friends (FoF) grouping algorithm
to define groups. We choose linking lengths to be
0.88 Mpc and 1.76 Mpc (120 km s−1) in the angular and
line-of-sight directions, respectively. We choose the link-
ing lengths to be short enough to break filaments into
knots, but not too short to only select the galaxies in the
center of any groups. The line-of-sight linking length is
small compared to other implementations in the litera-
ture (e.g., Goto 2005; Berlind et al. 2006); for example,
Berlind et al. (2006) use 300 km s−1. We explain below
why we make this choice.
We define the groups based on the LowZ sample, which
includes the RC3 catalog galaxies necessary to ensure
completeness at the bright end. However, consistently
finding groups across redshift requires a volume-limited
sample. At the faint end, the flux limit of the SDSS
spectroscopic survey is r = 17.77, which corresponds
to Mr ∼ −19 at z = 0.05. We therefore only include
galaxies in LowZ brighter than Mr = −19 in our FoF
analysis. The resulting environmental sample (Environ)
has 57, 885 galaxies in total. In our Elliptical sam-
ple, there are only 16 galaxies fainter than Mr = −19;
the velocity dispersion cut thus has provided roughly a
volume-limited sample. In the following sections, we do
not consider these 16 faint ellipticals when studying stel-
lar populations.
We divide galaxies into three broad categories: rich
group, poor group, and field. Rich-group galaxies are in
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groups with at least 5 members, poor-group galaxies are
in ones with 2−4 members, and field galaxies are the sole
members of their group. We note that the line-of-sight
linking length (120 km s−1) we adopt is relatively small
compared to the typical velocity dispersion of clusters.
This choice may result in identifying a galaxy associated
with a group as an isolated galaxy. Therefore for each
rich group we define an ellipsoid with radius 0.88 Mpc in
the angular direction and radius 360 km s−1 in the line-
of-sight direction. For each poor group, we also define
such an ellipsoid but adopting a slightly smaller radius
240 km s−1 in the line-of-sight direction. If an isolated
galaxy lies within the ellipsoid of any group, we consider
its group classification to be ambiguous. There are 129
ambiguous galaxies in total, 46 of them with possible
association with rich groups and 83 with poor groups.
Including them either in the sample of field galaxies or
group galaxies does not affect any of our results; there-
fore, we exclude them from further analysis.
In §4 we study the environmental dependence of the
stellar populations of our sample. However, it is im-
portant to exclude low signal-to-noise ratio (S/N) spec-
tra and strong AGN. We thus will not consider galax-
ies with spectra of median S/N (per pixel) less than
10. To exclude strong AGN, we use a standard emission
line diagnostic diagram (Baldwin et al. 1981, BPT). For
galaxies with emission lines Hβ, [O III] λ5007, Hα and
[N II] λ6584 of S/N > 5, we exclude them if they ap-
pear to the right of the demarcation line defined by
Kauffmann et al. (2003) in the BPT diagram. We ex-
clude 39 strong AGN in this process, which we have ver-
ified does not affect the analysis presented below.
To summarize, after excluding 59 galaxies with Mr >
−19 (16), spectra of low S/N (4), strong AGN (39), and
129 galaxies with ambiguous group association, out final
Elliptical sample consists of 347 field elliptical galax-
ies, 682 poor-group galaxies, and 706 rich-group galaxies.
Figure 5 shows the angular distribution of the
Elliptical sample. In the top panel, we show the distri-
bution of the red-sequence galaxies in the parent SpecRS
sample. In the bottom panel, we show the distribution of
part of the Elliptical sample, where we represent field
galaxies as blue open triangles, and rich-group galaxies
as magenta small solid squares. We also show the posi-
tion of the largest group, the Coma cluster as a large red
solid square.
4. STELLAR POPULATIONS OF ELLIPTICAL GALAXIES
In this section, we study the stellar population of our
Elliptical sample as a function of σ and environment
with average optical spectra and Lick indices.
4.1. Average spectra
4.1.1. Stacking method
We stack the spectra in various samples of velocity dis-
persion and group classification, as described through-
out. There are three versions of stacks we make here:
unsmoothed, smoothed, and uniform stacks.
For each sample, we create at least the unsmoothed
and smoothed average spectra. In the unsmoothed ver-
sion, we do not smooth individual spectra before aver-
aging them. In the smoothed version, we first smooth
each spectrum to the largest σ in that sample. The un-
smoothed version allows us to see more details that are
washed out in the smoothed version, while the smoothed
version allows us to compare samples across different en-
vironments consistently.
For samples in different σ bins, we also calculate a
uniform version by smoothing each individual spectrum
to 325 km s−1, to match the largest σ in the whole sam-
ple. These stacked spectra allows us to compare different
samples as a function of velocity dispersion consistently.
We use this uniform version to measure the Lick indices
for the average spectra in the following sections (§4.2.3
and §4.2.4).
Figure 6 shows the velocity dispersion distribution as
a function of group classification. The galaxies in rich
groups tend to have higher σ than those in low-density
environments. As we show explicitly below, and is al-
ready well known, the properties of elliptical galaxies de-
pend strongly on σ and luminosity. For instance, the
color of elliptical galaxies is redder at higher luminosity
and larger σ (Figure 3; e.g., Baum 1959).
Thus, to make a direct comparison between samples
in different environments, we need to ensure that we
compare samples with the same σ distribution — oth-
erwise we will simply be measuring the dependence on
σ itself, which dwarfs all other effects. To do so, we
weight the galaxies as a function of σ in order to achieve
the same effective σ distribution for each subsample.
Within each environmental subsample, for a galaxy with
a certain σ, we determine the number of galaxies within
∆σ = ±10 km s−1 in both the full sample and in the
subsample. We then weight each spectrum in the stack
by the number in the full sample divided by the number
in the subsample. In this way, the different environmen-
tal samples have the same effective σ distribution. This
procedure allows us to separate the environmental de-
pendence from the σ dependence.
The SDSS spectra are observed between wavelengths of
∼ 3800 A˚ and ∼ 9200 A˚. Because our redshift limit is z =
0.05, for consistency we calculate the average spectra in
the rest-frame wavelength range available for all galaxies,
from 3800 A˚ to 8800 A˚. Before stacking the spectra, we
also normalize each spectrum to its mean flux between
5200 A˚ and 5800 A˚, where the spectra are relatively flat.
The spectrophotometry7 in the SDSS is calibrated with
F8 subdwarfs and is accurate at the few percent level. In
any case, our differential results between different envi-
ronments and velocity dispersion samples are largely un-
affected by systematic errors, unless their strength cor-
relates with those parameters, which is unlikely.
4.1.2. Velocity dispersion dependence
Figure 7 shows the average unsmoothed spectra as a
function of σ. We overplot two horizontal lines at 0.95
and 0.35 in each panel to guide the eye. We define the σ
bins to be roughly equal size in log space. The three bins
(in log10 σ) are [1.84, 2.10], [2.10, 2.30] and [2.30, 2.50].
The median σ in each bin are 100, 167 and 232 km s−1,
respectively. The average spectra at all σ are typical of
an old stellar population, with strong absorption features
such as the 4000 A˚ break (mainly caused by the CaII H
and K lines), the G-band at 4300 A˚, the 5180 A˚ MgI and
7 http://www.sdss.org/dr6/algorithms/spectrophotometry.html
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H feature, the 5890 A˚ Na I and the 7200 A˚ TiO lines.
Though we have excluded strong AGN when calculat-
ing the average spectra, weak emission features such as
Hα are still visible, though at a fairly weak level. They
can either be caused by low-level star formation or weak
AGN activity. Line ratio diagnostics show that some of
the elliptical galaxies with emission are LINER-like (see
also, e.g., Yan et al. 2006; Graves et al. 2007) while oth-
ers show signs of ongoing star formation.
Not surprisingly, we see a clear dependence on ve-
locity dispersion of the average spectra (which is why
correcting for the σ distribution is so important when
studying environmental effects). The average spectra in
lower σ bins are relatively bluer than those in higher σ
bins, which is consistent with the color-magnitude rela-
tion (e.g., Visvanathan & Sandage 1977; Strateva et al.
2001; Hogg et al. 2004; Baldry et al. 2004; Balogh et al.
2004, among many others). We examine this result in
more detail in Figure 8, where we show the ratio of the
average spectra (uniform version) of all galaxies within
different σ bins to that of the whole sample. We find
that lower-σ galaxies exhibit a bluer continuum, weaker
metal absorption features and slightly stronger emission
lines (e.g., Hα).
However, the cause of the bluer continuum for elliptical
galaxies at lower σ is less clear. The primary difficulty in
interpretation is the well-known age-metallicity degen-
eracy in stellar population analysis (e.g., Faber 1972,
1973; Oconnell 1980; Rose 1985; Renzini & Buzzoni
1986; Worthey et al. 1994; Bruzual & Charlot 2003).
Both increasing age and increasing metallicity have ex-
tremely similar effects on the spectral energy distri-
butions (SEDs). This similarity means that either a
younger population or a lower metallicity population
(or some combination) can be responsible for the bluer
continua of elliptical galaxies at lower σ. Further-
more, the presence of metal-rich, old blue horizontal
branch stars (e.g., Sweigart 1987; Lee et al. 1990, 1994)
can mimic a younger stellar population and introduce
more flux at the blue end as well (e.g., Yi et al. 1997;
Maraston & Thomas 2000; Lee et al. 2000; Conroy et al.
2010). Blue stragglers (e.g., Bailyn 1995; Brown et al.
2005) that extend blueward and brightward of the main-
sequence turnoff point may also have a non-negligible
effect on integrated spectra (e.g., Xin & Deng 2005;
Conroy et al. 2010). Stronger AGN activity or less dust
extinction can also cause the same effect.
Because of these effects, we cannot be certain what is
responsible for the velocity dispersion dependence in the
average spectra. However, the stronger emission lines,
part of which certainly is due to star formation activity,
and the weaker metal absorption features suggest that
both younger ages and lower metallicities are responsible
for the bluer continuum at lower σ.
4.1.3. Environmental dependence
Figure 9 shows the average unsmoothed spectra as a
function of environment. Recall, in these stacks we have
weighted the spectra so that the effective σ distributions
are the same; otherwise, stronger trends would be visible
due to the correlation of σ with environment. The aver-
age spectra for all the environmental samples look strik-
ingly similar to each other. These spectra reveal that
old stellar populations dominate the stellar components
in elliptical galaxies in all environments.
Although by eye the average spectra for all the sam-
ples look exactly the same, careful inspection shows sub-
tle variations. In Figure 10, we present the ratio of the
average spectra (smoothed version) of different samples
in different environments to that of the whole sample.
We find weak but significant differences between the av-
erage spectra in different environments. Compared to
the average spectra of the whole sample, the field galax-
ies have a bluer continuum, especially at wavelength
. 4000 A˚, by ∼ 1 percent, and have stronger (but still
weak) emission lines of Hβ, [O III] λλ4959, 5007, Hα,
[N II] λλ6548, 6583 and [S II] λλ6717, 6731 etc. The
rich-group galaxies, on the other hand, have a redder
continuum and have less flux at the blue end by ∼ 1
percent, and have weaker emission lines.
To further inspect the environmental dependence, we
compare galaxies in different environments in each bin of
velocity dispersion. In Figure 11, we show for each σ bin
the ratio of the average spectrum (uniform version) of the
field galaxies to that of the rich-group galaxies. Interest-
ingly, we see that in all three bins, the average spectra
of the field galaxies are bluer than their rich-group coun-
terparts. However, the weak environmental dependence
appears to be a strong function of σ. In the lowest σ
bin, the field galaxies have about 5% more flux at the
blue end than the rich-group galaxies. In the highest σ
bin, the field galaxies have only about ∼ 1 percent more
flux at the blue end than the rich-group galaxies. The
stronger emission lines in the low-σ field galaxies also
appear to vanish for the high-σ field galaxies.
As was the case for the dependence on σ, the cause
of the weak environmental dependence of the average
spectra is not absolutely clear. However, the difference in
emission lines suggests that stronger (but still low-level)
recent star formation could be the cause of the bluer
spectra in the field galaxies. In the next subsection, we
examine this hypothesis more carefully.
4.1.4. Discussion: stronger low-level recent star formation
activity at lower velocity dispersion and in the field?
Physical degeneracies make it difficult to derive ac-
curate stellar population properties from the spectra of
galaxies with certainty — such attempts suffer from the
age-metallicity degeneracy, the possibility of poorly un-
derstood blue horizontal branch and/or blue straggler
populations, and other effects. In this section we take a
simplified view and evaluate what kind of young stellar
population would be necessary to explain the observed
trend of SED with environment.
First, we assume that elliptical galaxies consist of
an old base stellar population and a small frosting of
young stars from low-level recent star formation (e.g.,
Trager et al. 2000a; Gebhardt et al. 2003; S07). Further-
more, we assume that the strength of the recent star for-
mation is the main factor that causes the σ dependence
and the environmental dependence.
Under these assumptions, we fit each individual spec-
trum with a model consisting of a simple combination
of old and young stellar populations. The old compo-
nents consist of 3 old stellar populations with ages and
metallicities as follows: 13.5 Gyr and solar abundance
(Z⊙); 15 Gyr and 0.4 Z⊙; and 12 Gyr and 2.5 Z⊙. The
young components consist of 3 young templates with
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ages and metallicities as follows: 0.9 Gyr and Z⊙, 1
Gyr and 0.4 Z⊙, and 0.8 Gyr and 2.5 Z⊙ respectively.
All these templates are from Bruzual & Charlot (2003)
SSP models with the Padova (1994) library of stellar
evolution tracks (e.g., Alongi et al. 1993; Bressan et al.
1993; Fagotto et al. 1994a,b; Girardi et al. 1996) and the
Chabrier (2003) initial mass function from 0.1 to 100M⊙.
For each individual galaxy spectrum, we mask out the
emission line regions and fit the continuum to a nonneg-
ative linear combination of these six templates.
We evaluate how much recent star formation there is
by comparing the resulting mass fraction fy contained in
the young templates in the fits. We choose fy = 2% to be
the minimum fraction of the young component at which
we consider the recent star formation to be significant.
This choice allows a convenient comparison with previous
work using GALEX NUV photometry. For reference,
fy = 2% gives the color NUV−r ∼ 5.4, which is the
color cut adopted by Schawinski et al. (2007) to indicate
recent star formation.
In Figure 12, we show that the fraction of galaxies
with significant recent star formation (fy > 2%) is a
strong function of both environment and velocity dis-
persion. Overall, about 20% of the elliptical galaxies
have more than 2% of the mass contributed from the
young components. In the lowest σ bin, about half of
the elliptical galaxies have more than 2% young compo-
nents. Meanwhile, in the highest σ bin, only . 10% have
fy > 2%. The fraction of galaxies with recent star forma-
tion also appears to be larger for the field galaxies than
the rich-group galaxies, by ∼ 30% in the lowest σ bin.
As suggested by the average spectra, the environmental
difference vanishes in the highest σ bin (Figure 11).
Interestingly, our results agree reasonably well with
previous work (e.g., Schawinski et al. 2007). Using
GALEX NUV photometry of a sample of 839 bright
early-type galaxies with Mr < −21.5, most of which are
elliptical galaxies, selected in the SDSS in the redshift
range 0.05 < z < 0.10, Schawinski et al. (2007) find that
30% ± 3% of massive early-type galaxies have NUV−r
color bluer than 5.4. They also show that the fraction
is 25% higher in the lowest-density environment, which
is defined based on the number and distance of galaxies
around each object (the density). Despite the differences
in the definition of environment, as well as the different
samples and data used, our results are in fair agreement
with each other. However, they did not see the luminos-
ity/mass dependence that we see here, probably because
of their smaller sample size and luminosity range.
Using a sample of early-type galaxies at 0.05 < z <
0.06 from MOSES, Thomas et al. (2010) find that the
distribution of ages is bimodal with a strong peak at old
ages and a secondary peak ∼ 2.5 Gyr younger containing
∼ 10 percent of the objects. Interestingly, they find that
the fraction of young galaxies increases with decreasing
galaxy mass and decreasing environmental density. They
also find that the environmental dependence is most pro-
nounced at low σ and disappears at high σ (see Fig. 8
in their paper). Despite the considerable differences in
sample selection and analysis, our results are remark-
ably consistent with one another. Thomas et al. (2010)
further show that the young galaxies have lower α/Fe ra-
tios than average and most of them show signs of ongoing
star formation through their emission line spectra, in line
with our conclusion that recent star formation is likely
the cause of the environmental dependence at low σ.
We emphasize that we have assumed that age is the
dominant factor that determines the shape of the optical
SED. The dependence on velocity dispersion and envi-
ronment could also be caused by differences in metal-
licity, differences in the contribution from blue horizon-
tal branch stars or blue stragglers, or perhaps some-
thing else. To accurately interpret the spectra is an
extremely difficult task due to the lack of calibration
data (see the recent reviews by Conroy et al. 2009, 2010;
Conroy & Gunn 2010 and references therein).
Nevertheless, recent detailed studies show that star
formation indeed occurs in many early-type galaxies
(Yi et al. 2005; Rich et al. 2005; Kaviraj et al. 2007;
Schawinski et al. 2007; Temi et al. 2009; Young et al.
2009; Salim & Rich 2010). Salim & Rich (2010), using
high resolution far-UV (FUV) imaging with the Solar
Blind Channel of the Advanced Camera for Surveys on-
board the HST, show that for most early-type galaxies
with recent star formation, it takes the form of wide or
concentric UV rings. The SAURON team (Shapiro et al.
2010, see also Kuntschner et al. 2010), find that star for-
mation in early-type galaxies happens exclusively in fast-
rotating systems and occurs in two distinct modes. In
one mode, star formation is a diffuse process, correspond-
ing to widespread young stellar populations and high
molecular gas content, possibly due to (mostly minor)
mergers (see also Kaviraj et al. 2009). In the other mode,
star formation is concentrated into well-defined disc or
ring morphologies, which may have been caused by re-
juvenations within previously quiescent stellar systems.
Indeed, Kuntschner et al. (2010) find that the most ex-
treme cases of post-starburst early-type galaxies, with
SSP-equivalent ages of . 3 Gyr, frequently show signs of
residual star formation and are generally low-mass sys-
tems. Therefore, variations in recent star formation is
a plausible cause for both strong velocity dispersion de-
pendence and weak but significant environmental depen-
dence we see here.
4.2. Lick indices
The age-metallicity degeneracy has haunted stel-
lar population analysis for decades. Nevertheless, a
promising approach to breaking it remains the com-
bined use of multiple absorption-line indices (e.g.,
Faber et al. 1985; Gonza´lez 1993; Worthey et al. 1994;
Worthey & Ottaviani 1997; Trager et al. 1998). In this
and the next section we measure the absorption-line in-
dices of our spectra and compare them with state-of-the-
art SSP models in order to infer their ages, metallicities,
and α−enhancements.
4.2.1. Lick indices of smoothed flux-calibrated spectra
Lick indices measure the absorption-line strength of
features in the SEDs and are widely used in studying stel-
lar populations. The standard Lick indices are measured
on low-resolution spectra that are observed with the Lick
IDS instrument and not flux-calibrated. The SDSS did
not observe the bright stars in the Lick library; therefore
we cannot match the fluxing and calibration of the Lick
system. Therefore we attempt an intermediate step by
measuring the Lick indices of smoothed flux-calibrated
SDSS spectra.
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The bandpasses of the Lick indices studied here are
defined in Table 1 of Worthey et al. (1994) and Ta-
ble 1 of Worthey & Ottaviani (1997). To calculate the
Lick indices, we first smooth each spectrum to a res-
olution that is equivalent to a velocity dispersion of
σ = 325 km s−1, as observed under the SDSS resolution
(69 km s−1), to match the largest σ of our sample. We
then calculate the Lick indices with a modified version
of the Lick EW routine in Ez Ages8 package developed
by Graves & Schiavon (2008). The Lick EW routine re-
ports the errors of each Lick index calculated in the way
suggested by Cardiel et al. (1998).
The combined resolution of σ = 325 km s−1 and the in-
strumental resolution of the SDSS (69 km s−1) is at lower
resolution than the Lick IDS instrument resolution at
which the Lick indices are defined. We therefore need to
correct the measurements back to the effective Lick IDS
resolution. To do so, we use the correction factors given
by S07 in their Table 46, which are for a 14.1 Gyr old stel-
lar population with solar metallicity. The factors vary at
the few percent level for stellar populations with differ-
ent ages and metallicities; we ignore those tiny differences
here. We also note that these empirical corrections for
σ may have large uncertainties (e.g., Trager et al. 1998),
which unfortunately are hard to quantify and we also
ignore here.
In the end, the Lick indices measured in this way are
matched in resolution, but still not with the fluxing of
the Lick IDS system. S07 gives empirical zero-point cor-
rections (Table 1 in their paper). When necessary, we
adopt these corrections to compare flux-calibrated Lick
indices with standard ones. These corrections have very
large uncertainties; therefore we remind our readers that
any comparison of our measurements with the standard
Lick indices should be taken with some caution.
4.2.2. Emission line infill correction
One of the most challenging issues in Lick index mea-
surements is emission line contamination. The Balmer
absorption features are contaminated by emission from
ionized gas, either from star formation, AGN activity,
or interstellar shocks. This emission line infill severely
affects the measurement of the Balmer indices, which
are thought to be the best age indicators. For example,
a 0.1 A˚ contamination to the absorption-line equivalent
width (EW) of Hβ from emission translates to an SSP
age ∼ 1 Gyr older (e.g., S07).
We correct for emission-line contamination using
[O III] λ5007, which is correlated with the Balmer emis-
sion. Similar to the template fitting in §4.1.4, for each
individual spectrum, we mask out the emission line re-
gions and fit the continuum to a nonnegative linear com-
bination of a set of SSP templates. Unlike in §4.1.4,
where we only use models of old and young stellar pop-
ulations, we here use more templates, including some of
intermediate age as well. We then subtract the best-fit
model and measure the flux and equivalent width (EW)
of [O III] λ5007, which is more reliable than the di-
rect Hβ emission measurement. We then correct for the
Hβ emission line assuming ∆Hβ = 0.6 EW([O III] λ5007)
(see, e.g., Gonza´lez 1993; Trager et al. 2000b). We also
8 http://www.ucolick.org/∼graves/EZ Ages.html
correct Hγ and Hδ for emission assuming the decrements
Hγ/Hβ = 0.46 and Hδ/Hβ = 0.26. For reference, the
median Hβ correction for all galaxies in the Elliptical
sample is ∼ 0.37 A˚, ∼ 4 Gyr in SSP analysis.
We emphasize that the corrections we adopt are
by no means perfect. The relation between Hβ and
[O III] λ5007 has a large scatter (see also,
Trager et al. 2000b; Mehlert et al. 2000; Nelan et al.
2005; Kuntschner et al. 2006). For EW([O III] λ5007)=
0.5 A˚, an error of 0.2 in the conversion factor translates
to 0.1 A˚ in the Hβ measurement. On the other hand,
the [O III] λ5007 has been widely used in the literature
and is reliable to measure.
Another way to correct for the emission is to use
Hα emission measurements, by adopting the intrinsic
Balmer decrement Hα/Hβ= 2.86 and a reasonable dust
extinction (e.g., Graves et al. 2007). If dust is well-
behaved, this relationship should be tighter than that
for [O III] λ5007. However, the Hα and Hβ emission
lines are entangled with the underlying stellar absorp-
tion feature. In fact, they are almost impossible to mea-
sure reliably if they are relatively weak (< 1 A˚), which is
the case for most of our spectra. In particular, because
measuring the emission lines requires modeling the stel-
lar continuum, using corrections based on Hα tends to
merely recover the Hβ index of the continuum template
itself.
Here we estimate the emission line infill using
[O III] λ5007 because the line is easier to measure in-
dependently of the stellar continuum, and because its
intrinsic scatter is less important due to the large sam-
ple size in our case. In any case, we have tried using
Hα by adopting E(Hα-Hβ)= 0.1 mag and find that the
dependence of Hβ absorption-line strength on σ and en-
vironment is basically not affected.
4.2.3. Velocity dispersion dependence of Lick indices
Figures 13 and 14 present our Lick index measure-
ments as a function of velocity dispersion and environ-
ment. Figure 13 shows the Balmer absorption lines: Hβ,
HγA, HγF, HδA, and HδF. Figure 14 shows the metallic-
ity indicators: 〈Fe〉, the average of Fe5270 and Fe5335,
Mg b, [MgFe]′, C24668, and Ca4227. The index [MgFe]
′ is
defined as follows:
[MgFe]′ =
√
Mg b · (0.72 · Fe5270 + 0.28 · Fe5335).
[MgFe]′ is a good metallicity indicator almost indepen-
dent of α/Fe ratio variations (TMB). The left columns
of these figures show the field galaxies and the middle
columns show the rich-group galaxies. We single out the
Coma galaxies in the middle column and show them sep-
arately. We exclude the poor-group galaxies in these two
columns, though we do show linear fits to their distribu-
tion. We also show the indices measured on the average
spectra in the right column.
The most obvious feature from these plots is the strong
index-σ relation, which has been studied intensively in
numerous works (e.g., Terlevich et al. 1981; Gorgas et al.
1990; Guzman et al. 1992; Bender et al. 1993; Jørgensen
1997; Bender et al. 1998; Bernardi et al. 1998;
Colless et al. 1999; Jørgensen 1999; Concannon et al.
2000; Kuntschner 2000; Poggianti et al. 2001;
Proctor & Sansom 2002; Bernardi et al. 2003b;
Caldwell et al. 2003; Worthey & Collobert 2003;
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Mehlert et al. 2003; Nelan et al. 2005, T05). We per-
form a linear least-squares fit to each distribution with
the following form:
Index = c1 + c2 (log10 σ − 2.20), (4)
and list the results in Table 2. We show these fits in each
panel of Figures 13 and 14 for all three group classifica-
tions.
All the Balmer indices strongly anti-correlate with σ
(c2 < 0). Their strength is weaker at higher σ, indicat-
ing older ages or weaker recent star formation for more
massive elliptical galaxies. Of these indices, Hβ is the
one most investigators rely on as the best age indicator,
despite the fact that it is the one with the most signif-
icant emission line contamination issues. In particular,
it is less sensitive to metal lines than are other Balmer
lines (e.g., Korn et al. 2005).
The right column of Figure 13 shows the measurements
of the average spectra. All such measurements appear to
follow the best-fit scaling relations very well except for
the Hβ measurement in the lowest σ bin. This discrep-
ancy is possibly due to strong Balmer emission compared
to the [O III] λ5007, which makes the emission correction
underestimated.
In Figure 15, we take a closer look at the aver-
age spectra within the wavelength range containing Hβ,
[O III] λ5007 and Hα, where we also overplot the best-
fit template to the continuum for the rich-group galax-
ies. The Balmer emission lines are indeed very strong
compared to [O III] λ5007 in the average spectra of the
lowest σ bin, especially for the field galaxies. Specif-
ically, direct measurements for the field galaxies yield
EW(Hα)= 2.77 A˚ and EW([O III] λ5007)=0.87 A˚. Us-
ing [O III] λ5007 gives the Hβ correction 0.52 A˚, while
using Hα gives 0.88 A˚, larger by 0.36 A˚.
These average spectra are each stacked from spectra
of ∼ 100 galaxies: thus, one galaxy with very peculiar
emission lines can introduce such a feature in the aver-
age spectra. In contrast, the fit to the scaling relation is
less affected by a single data point outlier, so we will rely
below extensively on the scaling relation. These results
emphasize that achieving the emission line infill correc-
tion at the required level of precision is extremely diffi-
cult!
All the metallicity indicators, 〈Fe〉, Mg b, [MgFe]′,
C24668, and Ca4227, correlate with σ (c2 > 0), though
to varying degrees. The increasing strength with increas-
ing σ indicates higher metallicity for more massive ellip-
tical galaxies. The tight relation with σ of Mg b (slope
c2 ∼ 3.44) is much stronger than that of 〈Fe〉 (c2 ∼ 0.93),
implying a higher [Mg/Fe] ratio for more massive galax-
ies. Another α-element indicator C24668 also appears
to be more strongly correlated with σ than 〈Fe〉 with a
slope c2 ∼ 5.78. Taken together, these results are evi-
dence of stronger α−enhancement in more massive ellip-
tical galaxies. In fact, T05 show that increasing metal-
licity, α−enhancement and older age account for the
Mg-σ relation by 60%, 23% and 17% respectively (see
also Mehlert et al. 2003). The dependence of Ca4227 on
σ appears to be much weaker than other α-elements,
with a slope c2 ∼ 0.58, which implies that more mas-
sive galaxies may be more calcium-underabundant (see,
e.g. Thomas et al. 2003a).
To summarize, we see signs that the stellar popula-
tions in more massive elliptical galaxies are older or with
weaker recent star formation, more metal-rich, and more
strongly α−enhanced, as has been found in the past. We
will come back to this in the next sections when we in-
terpret our index measurements using SSP models.
4.2.4. Environmental dependence of Lick indices
Figure 13 shows that the Balmer index-σ relation for
elliptical galaxies varies as a function of environment.
The Balmer lines are systematically stronger (∼ 0.1 A˚ for
Hβ) in field galaxies than in rich-group galaxies. The
difference vanishes at high σ. This agrees well with the
environmental dependence we see in the continua of the
average spectra (Figures 10 and 11). We also find that
the Coma galaxies in our sample all have weaker Balmer
lines than average.
Balmer indices are thought to be the best age indica-
tors because massive stars (e.g., A stars) in a young stel-
lar population exhibit strong Balmer-line absorption in
their integrated spectra. The environmental dependence
thus suggests that the stellar populations in field galaxies
are in general younger than those in group galaxies.
In contrast, the distributions of metallicity indicators
are remarkably similar for elliptical galaxies in different
environments. The 〈Fe〉 index is nearly identical for all
the samples. The α-element indices seem to be slightly
stronger in rich-group galaxies, but only at a barely de-
tectable level (as seen previously by, e.g., Bernardi et al.
1998). However, the same index measurement does not
necessarily mean the same metallicity. At a given σ, if
group galaxies are older than field galaxies as the Balmer
indices indicate, then having the same metallicity index
strength means they are more metal-poor.
In this section, we studied the Lick indices, their
relation with σ, and their environmental dependence.
Consistent with previous studies, we have found strong
index-σ relations, indicating higher metallicity, stronger
α−enhancement and older ages for more massive ellipti-
cal galaxies. We have also found that Balmer indices are
systematically weaker in group galaxies, implying older
ages for group galaxies. We do not see an obvious de-
pendence on environment for 〈Fe〉. The α-element in-
dices (Mg b, C24668 and Ca4227) show slightly stronger
absorption in group galaxies, but only at a barely de-
tectable level. This result suggests that group galaxies
are slightly more iron-poor and slightly more strongly
α−enhanced than field galaxies.
However, to convert the measurements to more quan-
titative parameters of the stellar populations introduces
the uncertainties associated with the stellar population
synthesis. Later in the paper, we will nonetheless make
an attempt to use state-of-the-art SSP models to study
the stellar populations in elliptical galaxies.
4.2.5. Systematic Uncertainties
We conclude this subsection by summarizing the sys-
tematic uncertainties affecting our Lick index measure-
ments.
We measure the Lick indices on the flux-calibrated
spectra that are smoothed to σ = 325 km s−1 under
the SDSS resolution 69 km s−1. We have used empiri-
cal corrections to correct the indices back to the effec-
tive Lick IDS resolution. However, the corrections may
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have large uncertainties (Trager et al. 1998). The stan-
dard Lick indices are measured on spectra that are not
flux-calibrated. Therefore, any direct comparison of our
measurements with standard ones should be taken with
caution.
The SDSS spectra are taken with fibers that enclose
an aperture with a diameter of 3′′. Since we limited our
sample to be lower than redshift 0.05, the spectra are of
the central region of the galaxies. The velocity disper-
sion is therefore essentially the velocity dispersion in the
central region. For galaxies of different angular sizes, the
aperture therefore encloses the central regions of differ-
ent sizes. Recent work has shown that the radial profile
of σ follows a power law σR ∝ R
γ where R is radius
and the index γ ∼ −0.04 to −0.07 (e.g., Jørgensen et al.
1995; Mehlert et al. 2003; Cappellari et al. 2006). The
effective radii of the Elliptical sample have a median
value ∼ 7′′. If we correct all the σ to that at effective half
light radius with such a scaling relation, this translates
to a difference of ∼ 3%; this small effect should not affect
the analysis presented here.
The Lick indices measured here also come from the
spectra of stellar populations in the central regions, with
a much smaller fraction from those in the outer region
within the aperture. The Lick indices also probably cor-
relate with radius, and the gradients of indices such as
Mg b and 〈Fe〉 seem to correlate with that of σ as well.
On the other hand, Hβ is roughly constant with ra-
dius (e.g., Mehlert et al. 2003; Kuntschner et al. 2006;
Sa´nchez-Bla´zquez et al. 2006a; Rawle et al. 2010). The
correlations are still poorly understood and we do not
correct for them.
Finally, the emission line infill correction for the
Balmer indices of an individual spectrum is extremely
difficult, even in the case of stacked spectra with ∼ 100
galaxies — one galaxy with a peculiar emission line ra-
tio can introduce strong errors in the correction. Nev-
ertheless, we are using [O III] λ5007 to correct Balmer
emission lines, which should be a good compromise for
such a large sample. We also have tried using Hα too,
which basically does not affect the relative dependence
on σ and environment.
All of these factors may introduce some errors at the
few percent level in our measurements. We do not expect
they introduce any significant systematic bias in the dif-
ferential aspect of our analysis, because they should not
correlate strongly with which subsample we consider.
4.3. Comparison of Lick indices with SSP models
4.3.1. SSP models
One purpose of stellar population synthesis models is
to place constraints on the history of star formation and
chemical enrichment of galaxies from their integrated
SEDs. We apply two state-of-the-art versions of these
models to our measurements: those of TMB and S07.
There are a few caveats that make our goal very chal-
lenging. For example, age and metallicity have extremely
similar effects on the color and SEDs (e.g., Faber 1972,
1973; Oconnell 1980; Rose 1985; Renzini & Buzzoni
1986; Worthey et al. 1994); Lick indices have very
broadly-defined line windows which makes direct trans-
lation into element abundances difficult (e.g., Greggio
1997; Tantalo et al. 1998; Korn et al. 2005; Serven et al.
2005); finally, many elliptical galaxies have non-solar
[α/Fe] which further complicates the modeling (e.g.,
Peletier 1989; Worthey et al. 1992; Davies et al. 1993;
McWilliam & Rich 1994).
Recent SSP models have incorporated adjustable
abundance patterns for multiple elements and allow for
more reliable derivation of age, metallicity, and element
ratio from absorption-line indices (e.g., Borges et al.
1995; Weiss et al. 1995; Tantalo et al. 1998; Trager et al.
2000a, TMB, Maraston 2005; Coelho et al. 2007, S07).
Most of these models, however, are based on the Lick
system and are not directly applicable to our data, as dis-
cussed in §4.2.1. Nonetheless, S07 provide empirical zero-
point corrections to correct flux-calibrated Lick indices
onto the standard Lick system (see their Table 1). We
apply these corrections to our Lick index measurements
when we compare them with the TMB models. The S07
models, meanwhile, are built up on flux-calibrated spec-
tral library, so no corrections are necessary for that com-
parison.
The corrections necessary for the comparison to TMB
have a very large scatter (see Table 1 and Figure 1 of
S07). Therefore, while we will compare to TMB below,
our main focus will be on the models of S07.
4.3.2. Comparison with TMB models and S07 models
Before deriving the stellar population parameters of
our sample with SSP models, we first compare our mea-
surements to the predictions of each model on grids of
age, metallicity and α−enhancement.
One of the main differences between TMB models and
S07 models is that TMB models are built at fixed metal-
licity [Z/H], while S07 models are at fixed iron abundance
[Fe/H]. To convert between [Z/H] and [Fe/H], we adopt
the relation given by TMB: [Z/H]=[F/H]+0.94 [α/Fe].
Because we tie other α-elements to [Mg/Fe] when build-
ing up S07 models (see next subsection), we assume
[Mg/Fe]=[α/Fe] in the comparison.
In Figure 16 and 17, we compare our measurements
of Hβ versus 〈Fe〉 with the S07 and TMB models as-
suming [α/Fe]=[Mg/Fe]=0.3. We choose [α/Fe]=0.3 be-
cause most elliptical galaxies have super-solar [α/Fe].
In the following analysis we only use elliptical galaxies
with σ between 125 km s−1 and 200 km s−1 (2.10 <
log10 σ < 2.35, the middle σ bin), to ensure that we
do not confuse σ dependence with environmental de-
pendence. The median σ values within this range are
166 km s−1, 167 km s−1 and 172 km s−1 for field, poor-
group, and rich-group galaxies, respectively. We also
show the median measurements of each subsample as
filled stars and the 1σ scatters as error bars below the
legend. Finally, for comparison, in the lower right panel
of each figure we compare the physical parameters of the
galaxies in our sample to those of the early-type galaxy
sample of T05.
In general, the S07 and TMB models agree well (see
S07; Graves & Schiavon 2008; Kuntschner et al. 2010 for
more thorough comparisons between the two models).
We see that the galaxies in our Elliptical sample have
a median SSP-equivalent age of∼ 7 Gyr. These measure-
ments show that group galaxies, especially rich-group
galaxies, appear to occupy a different locus than field
galaxies. In particular, the distribution of group galaxies
extends to older ages and lower iron abundance: rela-
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tive to the other samples, the rich-group galaxies ap-
pear to more commonly have sub-solar iron abundance
([Fe/H]< 0) and older age (& 7.0 Gyr); meanwhile, the
field galaxies are typically . 7.0 Gyr. This result sug-
gests that the rich-group galaxies are slightly older and
slightly more iron-poor (in terms of [Fe/H]). We also
show the T05 sample in the bottom right panel and see
very similar effects. Note when comparing with S07 mod-
els, we have corrected measurements of the T05 sample
to the flux-calibrated indices. We also see that the Coma
galaxies are systematically older than average.
The strength of the 〈Fe〉 index is mainly determined
by the iron abundance. For total metallicity, [MgFe]′ is
a better indicator. In Figure 18 and 19, we plot our mea-
surements Hβ vs. [MgFe]′ against S07 and TMB mod-
els with [α/Fe]=0.3. These measurements show that in
different environments the total metallicities [Z/H] are
very similar. The T05 sample9, however, exhibit slightly
lower total metallicity for ellipticals in high-density en-
vironments.
In Figures 20 and 21, we compare our measurements of
〈Fe〉 and Mg b against S07 and TMB models with an age
of 7 Gyr. We see that almost all elliptical galaxies have
super-solar [Mg/Fe], with a median value close to 0.3,
and the elliptical galaxies in rich groups exhibiting some-
what higher [Mg/Fe]. In the lower right panel, we also
show the elliptical galaxies in the T05 sample. Although
T05 do not claim to see an environmental dependence
in their analysis, which includes lenticular galaxies (not
shown here), we see the elliptical galaxies in high-density
environments in their sample also appear to be slightly
more strongly α−enhanced.
4.3.3. SSP-equivalent parameters: age, [Fe/H], [Mg/Fe] and
[Z/H]
Here, we use S07 models to derive the SSP-equivalent
parameters. To do so, we create a grid of models and
interpolate our results onto the grid.
First we use the deltabund code in the EZ ages pack-
age to create SSP models on a grid of three parame-
ters: age, [Fe/H] and [Mg/Fe]. We use the solar-scaled
isochrones as suggested in the EZ ages documentation,
and the Salpeter (1955) IMF. We set [O/Fe] to be zero
for these isochrones and tie other α-elements to Mg. The
age allowed in the models ranges from 1.2 Gyr to 17.7
Gyr, the [Fe/H] ranges from −1.3 to 0.2 and we generate
models at [Mg/Fe] between −0.1 and 0.5. We refer the
readers to S07 and Graves & Schiavon (2008) for details
about S07 models and the EZ ages package.
Once we have all the models, we employ a two-step
interpolation method to derive age, [Fe/H] and [Mg/Fe].
For each galaxy, we first calculate age and [Fe/H] using
Hβ and 〈Fe〉, at all [Mg/Fe] (from -0.1 to 0.5). We then
compare the pair 〈Fe〉 and Mg b with models at the me-
dian age we obtained in the first step to calculate a new
[Fe/H] and [Mg/Fe]. We then update the age by inter-
polating the ages found in the first step at the [Mg/Fe]
we found in the second step and iterate the second step
with the new age. The iteration usually only needs ∼ 2
steps before fully converging. After convergence, we have
9 The public catalog of T05 only includes the average index
〈Fe〉, so we show instead the combination [MgFe]=
√
Mg b · 〈Fe〉.
However, the difference is very small.
the parameters age, [Fe/H] and [Mg/Fe] for each galaxy
with Hβ, 〈Fe〉 and Mg b. We also give [Z/H] assuming
[Z/H]=[F/H]+0.94 [α/Fe]. For those measurements that
fall out of the model grids, we set the parameter to be the
boundaries, i.e., the maximum or the minimum in the
models. We have also tried using higher-order Balmer
lines instead of Hβ and found very consistent results.
Figure 22 shows all the measurements as a function of
environment and σ. We also overplot the derived param-
eters for the average spectra as large open symbols. In
addition, we also show as large filled symbols the derived
parameters at the same σ of the average spectra but as-
suming that the index-σ relations (Eq. 1 and Table 2)
hold exactly.
As we pointed out above, the Hβ absorption in the av-
erage spectra is underestimated due to the underestima-
tion of the emission correction. The derived age therefore
is overestimated, and the derived [Fe/H] underestimated.
For this reason, in this context we trust results based on
the index-σ relationships more than the average spectra.
The most obvious feature in Figure 22 is the strong
dependence on σ of all three parameters, as we expect
from the index-σ relations (though with a large scatter
due to the combined errors from the three indices). More
massive elliptical galaxies are older, more metal-rich and
more strongly α−enhanced. The environmental effect
on age is also apparent: galaxies in groups appear to be
older than their counterparts in the field. Meanwhile,
we do not see an obvious environmental effect on [Fe/H],
[Mg/Fe] and [Z/H], implying the environmental depen-
dence of [Fe/H], [Mg/Fe] and [Z/H] is very subtle, if it
exists.
To quantify the σ and environmental dependence of
the SSP-equivalent parameters we fit the scaling relation
for each distribution as a function of σ as follows:
SSP parameters = s1 + s2 (log10 σ − 2.20). (5)
However, we need error measurements for the derived
parameters in the fitting. The errors are unfortunately
more difficult to quantify.
We assume all the measurement errors are independent
and propagate the errors to the derived parameters with
a Monte Carlo method. To do this, we create 50 fake
measurements for each galaxy by adding Gaussian errors
to the measurements of Hβ, 〈Fe〉 and Mg b, and derive
the new parameters for the fake measurements. We then
calculate the standard deviations of the parameters of
the Monte Carlo ensemble for each galaxy and quote it
as the Monte Carlo error of the derived parameters.
We show the median Monte Carlo error of each pa-
rameter in the upper left corner in Figure 22. However,
the individual error of each point can be heavily biased,
due to edge effects on the grid. Almost all the galax-
ies have some simulated data points falling outside the
grid. This effect is more severe for those galaxies with
parameters closer to the boundaries. In the extreme case,
the simulated measurements of a galaxy with index mea-
surements lying outside the grid are almost always also
outside the grid; thus, for the Monte Carlo ensemble of
such a galaxy, the parameters derived with our method
are almost always the same as the boundary values in
the models. Therefore, the Monte Carlo errors are unre-
alistically small for the parameters of the galaxies with
measurements close to or outside the model boundaries.
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However, for most of the derived parameters that are
relatively far away from the boundaries, the Monte Carlo
errors are very similar. We therefore apply a uniform er-
ror (the median Monte Carlo error) to each parameter
of all galaxies. We also ignore the galaxies with mea-
surements that are out of grids when fitting the scaling
relation, because they have the same values for the de-
rived parameters (either the maximum or the minimum)
at all σ, which will heavily skew the fitting.
Using these choices, we fit equation (5) to the derived
parameters. Figure 22 shows the best-fit scaling relations
and Table 3 lists all of the coefficients. Besides the errors
in the slopes and intercepts, we have also calculated the
internal scatter of the distribution of the whole sample
in our three σ bins. The internal scatter (in dex) for
log10 age, [Fe/H] and [Mg/Fe] in the three σ bins (in as-
cending order) are: (0.22, 0.21, 0.18), (0.24, 0.14, 0.10)
and (0.13, 0.11, 0.08), respectively. Recall that the me-
dian σ in the three bins are 100, 167 and 232 km s−1,
respectively.
The strong σ dependence is obvious from the best-fit
relations. Elliptical galaxies at the highest masses are
older, more metal-rich, and more strongly α−enhanced.
The rich-group galaxies are also apparently older than
the field galaxies, by ∼ 1 Gyr. We note, however, that
the difference between different subsamples is relatively
small compared with the intrinsic scatter. In the previous
sections, we showed that the environmental dependence
of the average spectra and Hβ-σ relations vanishes at
higher σ. We therefore expect that the SSP-equivalent
age dependence on environment may correlate with σ
too. Indeed, the slope of the age-σ relation for field galax-
ies is slightly larger than that for rich-group galaxies, but
the difference is very small. The dependence of the age-
environment relationship on σ thus may be buried in the
large scatter in this diagram.
Aside from the strong σ dependence and the obvious
environmental dependence of age in the best-fit scaling
relations, we do see very subtle environmental effects on
[Fe/H] and [Mg/Fe]. However, these are at a barely sig-
nificant level (1σ). And we do not see obvious depen-
dence of total metallicity [Z/H] on environment. Com-
pared to the field galaxies, the rich-group galaxies are
slightly more iron-poor (only by ∼ 0.01 dex in terms
of [Fe/H]) and slightly more strongly α−enhanced (only
by ∼ 0.01 dex). These differences are consistent with
the environmental dependence of the index-σ relations
we saw in §4.2.4. In Figure 14 and Table 2, we show
that the 〈Fe〉 absorption-line strength is almost identical
in different environments. However, because field galax-
ies are younger, they need slightly more iron to produce
the same 〈Fe〉 signature as the rich-group galaxies; field
galaxies also have slightly weaker Mg b (and other α-
element indices), implying slightly lower α−abundance
in the field, as we see here.
The environmental dependence we see agrees very well
with previous studies (e.g., T05; Bernardi et al. 2006;
Cooper et al. 2010). T05 show that early-type (E/S0)
galaxies in high-density environments (mostly in the
Virgo and the Coma clusters) are older by ∼ 2 Gyr
than galaxies in low-density environments. We have also
shown that the Coma galaxies in our Elliptical sam-
ple are systematically older than average; thus, the Coma
galaxies in their sample may have contributed to the rel-
atively stronger dependence in their results. They also
found a relatively stronger dependence for metallicity; in
particular, they found that galaxies in high-density en-
vironments are more metal-poor by 0.05 − 0.1 dex (in
terms of [Z/H]) with no dependence for [α/Fe]. As seen
in Figure 20, if we only look at the elliptical galaxies in
their sample, we see the galaxies in high-density environ-
ments appear to be slightly more strongly α−enhanced.
Considering the large scatter in the SSP parameter-σ re-
lation, our results agree very well with each other.
By comparing samples in different environments,
Bernardi et al. (2006) find that the spectroscopic differ-
ences between early-type galaxies in high-density envi-
ronments and in low-density environments are very sim-
ilar to the differences between early-types at redshift
z = 0.17 and z = 0.06. Under the reasonable assumption
that the primary difference between the samples at each
redshift is overall age, they therefore conclude that early-
type galaxies in high-density environments are ∼ 1 Gyr
older than those in low-density regions. Thus, our con-
clusions are in very good agreement with theirs. They
also do not find noticeable environmental dependence in
total metallicity. Combining results from different groups
(e.g., T05, Bernardi et al. 2006, and this work), we note
that the environmental dependence in metallicity is in-
deed very subtle.
Using samples drawn from the SDSS, Cooper et al.
(2010) remove the mean dependence of average overden-
sity (i.e., environment) on color and luminosity, and find
that there remains a strong residual trend between stellar
age and environment, such that galaxies with older stellar
populations favor regions of higher overdensity relative to
galaxies of like color and luminosity. Their conclusions
therefore are also consistent with the environmental de-
pendence we find here.
Thomas et al. (2010) do not find a noticeable environ-
mental dependence for the bulk old population of early-
type galaxies, likely because they separate the young ob-
jects with signs of recent star formation from the bulk
old population. In §4.1.4 we argued that the environ-
mental dependence of the average spectra was likely due
to recent low-level star formation in low σ galaxies. We
conclude, therefore, that our results would be consistent
with Thomas et al. (2010) if they had included the young
early-type galaxies in their scaling-relation analysis.
In Figure 23, we compare the linear relationships we
derive between velocity dispersion and age, iron abun-
dance, α-enhancement, and total metallicity against
those derived by T05 and Nelan et al. (2005). We em-
phasize that the fits derived by both T05 and Nelan et al.
(2005) include elliptical and lenticular galaxies, while our
sample only includes elliptical galaxies. We determine
the intercept of Nelan et al. (2005) from their Table 8
and Figure 13. For T05, we use the mean of the slopes
and the intercepts for samples in high-density and low-
density environments. We also overplot the 1σ scatter in
the distribution of the parameters for the whole sample
as error bars (though of course the errors in the mean
values are much smaller).
Figure 23 shows that our slopes are in very good agree-
ment with theirs. Considering the large scatter in the
distribution, uncertainties in zero-point corrections, dif-
ferent samples and measurements used, and different
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models used, we find the agreement is remarkable and
very encouraging for SSP analysis. The main difference
is that our age-σ relation is systematically younger, by
∼ 3 Gyr. This is mainly caused by the difference in the
Hβ measurements in that our Hβ indices are systemati-
cally stronger than theirs, by ∼ 0.3 A˚ (see, e.g., Figure
16).
The discrepancy in age can probably be attributed to
the emission line infill correction and/or sample bias. We
notice that in Nelan et al. (2005) they exclude galaxies
with significant emission lines, by which they may have
thrown away galaxies with significant young stellar pop-
ulations. For the resulting sample without significant
emission lines , they do not correct for emission-line con-
tamination. In the sample compiled by T05, we find
in the literature that the indices of some galaxies are
corrected for emission (Gonza´lez 1993), while others are
not (Beuing et al. 2002, Mehlert et al. 200010). Note the
median correction for Hβ in our Elliptical sample is
∼ 0.37 A˚. Although this difference is fairly small com-
pared to the absorption strength (∼ 2 A˚), it translates
to ∼ 4 Gyr in SSP analysis. In addition, in T05 more
than half of the galaxies in high-density environments
are from the Coma cluster. As we have shown here,
the Coma galaxies in our sample are systematically older
than average. Taking into account the emission line in-
fill correction, sample bias, and the large scatter of the
distribution, we conclude that these age−σ relationships
agree fairly well with each other.
4.3.4. Caveats on SSP parameters
We emphasize that the parameters calculated above
are SSP-equivalent parameters. That is, they can only
be taken literally if elliptical galaxies formed in a short
enough, and uniform enough, burst of star formation.
Such a scenario is probably incorrect. Recent obser-
vations from GALEX, Spitzer, and HST have shown
that a significant fraction of early-type galaxies exhibit
strong UV excess, PAH emission and IR excess, implying
possible low-level recent star formation (Yi et al. 2005;
Rich et al. 2005; Kaviraj et al. 2007; Schawinski et al.
2007; Temi et al. 2009; Young et al. 2009; Salim & Rich
2010). Similarly, in §4.1.4, we showed that the en-
vironmental dependence of our frosting model param-
eters (e.g., Trager et al. 2000a; Gebhardt et al. 2003,
S07) were consistent with the results of Schawinski et al.
(2007) who used GALEX NUV photometry to look for
recent star formation in early-type galaxies.
If recent star formation is responsible for some or all of
the σ and environmental dependence of the average spec-
tra, then instead of giving the age of the dominant old
stellar population, the derived SSP-equivalent age will be
significantly younger (than the real age of the old popu-
lation) because of the existence of a significant fraction
of young stars (e.g. Trager et al. 2000a; Serra & Trager
2007). Serra & Trager (2007) show that the Balmer in-
dices of a composite stellar population depends primarily
on the mass fraction and age of the younger component.
If so, then the σ and environmental dependence of the de-
rived age we see here may reflect partly, or totally, the σ
and environmental dependence of the mass fraction and
10 We are not sure whether or not they correct emission for the
galaxies with strong emission (EW(Hβ)> 0.3 A˚).
age of the young component in the frosting model. That
is, elliptical galaxies at different σ may host the old base
stellar populations of the same (or similar) age, but the
SSP-equivalent ages are younger at lower σ and in the
field due to stronger recent star formation.
Meanwhile, because of the age-metallicity degeneracy,
the derived metallicity might be overestimated due to
the underestimated age — assuming the metallicity in-
dices are primarily tracing the old population. Precisely
how the metal absorption indices behave in the case of
composite stellar populations is as yet unclear.
5. DISCUSSION
In the above sections, we have found systematic differ-
ences in the average spectra of ellipticals, as a function
of σ and environment. In addition, we have measured
the dependence of SSP-equivalent ages, [Fe/H], [Mg/Fe]
and [Z/H] on these parameters.
As previous studies have shown, stellar ages of elliptical
galaxy seem to be older at higher masses. In this sense,
our results fit into the now-classic “downsizing” scenario
that Cowie et al. (1996) presented in the context of the
more general galaxy population. This age dependence
on σ appears to be explainable in the hierarchical sce-
nario of galaxy formation, as long as star formation can
be shut down effectively (e.g., De Lucia et al. 2006). In
these models, the higher mass halos are comprised of
small systems that on average collapsed earlier. If there
is a mechanism to shut off their star formation quickly
enough, these progenitors become gas poor and thus the
higher mass systems will have older stellar population
ages.
The precise nature of what shuts off star formation in
elliptical galaxies is unknown. AGN are a possible source
for such feedback, through both radiative and mechanical
heating processes (Ciotti & Ostriker 1997; Benson et al.
2003; De Lucia et al. 2006; Vernaleo & Reynolds 2006;
Ciotti et al. 2009). A commonly invoked mechanism
for triggering the AGN is by feeding the central
black holes during a major merger (e.g., Silk & Rees
1998; Matteo et al. 2005; Hopkins et al. 2008). Indeed,
Hopkins et al. (2008) argue that in these models the time
since the last major gas-rich merger is an increasing func-
tion of galaxy mass, and could explain an age-σ relation-
ship of ellipticals. Other mechanisms for shutting off star
formation also are potentially important: Ciotti et al.
(2009) fuel AGN feedback using the recycled gas from
dying stars, while Johansson et al. (2009) and others in-
voke gravitational heating from infalling stellar systems.
Elliptical galaxies also have a strong dependence of
α−abundance on σ. This trend implies that the na-
ture of chemical enrichment depends on galaxy mass.
The iron-peak elements mainly come from Type Ia su-
pernovae, while the α-elements are mainly produced in
massive stars experiencing Type II supernovae. That
the α−enhancement (or probably more accurately, the
iron-deficit) is stronger in more massive elliptical galax-
ies may imply that their star forming timescale is shorter
than less massive elliptical galaxies, before the de-
layed Type Ia supernovae enrich the star forming re-
gions with iron-peak elements (e.g.,Thomas et al. 1998;
Pipino & Matteucci 2004; T05. But also see Smith et al.
2009). Hierarchical models with feedback, such as those
of De Lucia et al. (2006), appear consistent with this re-
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sult at least qualitatively.
Finally, ellipticals have a dependence of metallicity on
stellar mass. If most of the stars are formed in situ,
this trend might be explained by their deeper potential
well, boosting chemical recycling by hampering the out-
flow of gas from the galaxy (e.g., Arimoto & Yoshii 1987;
Matteucci 1994). However, if most of the stellar mass
in ellipticals is produced in progenitor spiral disks, this
metallicity trend may instead be a remnant of the mass-
metallicity trends known for spirals (e.g. Garnett 2002;
Pilyugin et al. 2004; Tremonti et al. 2004).
Where the stars formed that now constitute ellipti-
cal galaxies remains in debate. Naab & Ostriker (2009)
claim that the metallicities of present day spirals are
several times lower than those measured for ellipticals,
indicating that giant ellipticals cannot have been pro-
duced from mergers of spirals. Hopkins et al. (2009b)
counter that this problem could be mitigated if the stel-
lar metallicity gradients of ellipticals are large enough;
typical metallicity measurements of ellipticals only cover
apertures that are a fraction of the effective radius, and
the central regions might have highly enhanced metal-
licities. It remains to be determined what would be
the mass-metallicity relation predicted by a fully cos-
mological simulation of the merger scenario (though see
Kobayashi 2005; Finlator & Dave´ 2008).
A final wrinkle in the dependence of elliptical proper-
ties as a function of mass is that their strength and scat-
ter put some constraint on their late-time merger history.
After all, if the largest galaxies are built from progenitor
populations of lower-σ galaxies, one expects the depen-
dence of age and chemical abundance on σ to weaken
with time. If the merging process is important to galaxy
growth, these trends should be steeper and tighter in the
past. An interesting quantitative prediction from the
theoretical models would be how large this evolution re-
ally was expected to be, given various merging scenarios.
Alternatively, a variation of the stellar initial
mass function (IMF) with galaxy mass — within
the ellipticals or their progenitors — can ac-
count for the metallicity and α−abundance trends
as well (Cenarro et al. 2003; Nagashima et al. 2005;
Ko¨ppen et al. 2007; Hoversten & Glazebrook 2008).
Our results demonstrate that whatever processes pro-
duce these correlations differ across environment, though
only slightly. Explaining the differences between ellip-
ticals in rich groups and in the field requires either a
slightly later time of formation for field galaxies, or equiv-
alently and more likely a slightly thicker frosting of recent
star formation. Furthermore, these differences are sub-
stantially stronger for low-mass galaxies than for high-
mass galaxies. This distinction between the effects on
high- and low-mass ellipticals is apparent both in the
stellar continuum shapes, and in the age measurements
based on the Lick index scaling relations (the age mea-
surements we trust the most; large filled symbols in Fig-
ure 22).
As noted above, the stellar ages of ellipticals may be
related to the formation times of their progenitor ha-
los. Gao et al. (2005) (see also Wechsler et al. 2006;
Zhu et al. 2006) show that CDM dark matter halos in
dense environments were assembled earlier than aver-
age. Such an effect may also be reflected in Fig. 1 of
De Lucia et al. (2006), of the stellar age as a function of
environment. If the ages of the populations are related
to the formation time of the progenitor halos, these theo-
retical results could explain the younger populations seen
in the field. The theoretical results also predict that this
effect declines at higher masses (reversing, in fact, above
the current nonlinear mass). These results could be re-
lated to the environmental dependence of mean stellar
age.
Alternatively, field ellipticals may simply have some-
what better access to reservoirs of cold inflowing gas
whose virial temperature in groups would be too hot to
accrete at late times. In this case, the mean stellar age
difference would derive mainly from recent star forma-
tion, which as we note above is actually seen in nearby
fast-rotator ellipticals (e.g., Kaviraj et al. 2007). How-
ever, it is unclear whether and why such an effect should
be weaker for more massive ellipticals, as required by
the data. For example, the gravitational heating sce-
nario of Khochfar & Ostriker (2008) appears to predict a
fairly strong dependence of age on environment for mas-
sive galaxies. These considerations possibly favor inter-
nal processes, rather than external ones, for regulating
the star formation rates in the most massive ellipticals.
The metallicity and α-abundance of stellar popula-
tions are a much weaker function of environment than
age. Whatever determines the chemical evolution of such
galaxies must therefore be a weak function of environ-
ment. For example, if the mass-metallicity relation is
determined by a systematic variation in the IMF, our
results would imply that the IMF does not vary sub-
stantially with environment. In contrast, if merger his-
tory is important in establishing the present day mass-
metallicity relation, then ellipticals in different environ-
ments must have similar enough merger histories. On
the other hand, if the environmental dependence of age
is caused by recent star formation (§4.1.4), we expect
that stronger recent star formation would cause lower
[α/Fe] and higher metallicity in field ellipticals. For ex-
ample, by separating the young early-types from the bulk
old population, Thomas et al. (2010) find that the young
population have lower [α/Fe] and higher metallicity. It
is possible that our sample is still too small to detect
a stronger environmental dependence. It is therefore of
great interest to investigate the relation of metallicity
and α-abundance with environment with a larger sample
of elliptical galaxies.
6. SUMMARY
We reanalyzed the images of red-sequence galaxies in
the local universe using the homogeneous data set of the
SDSS. By carefully examining the surface brightness pro-
files, we selected 1, 923 elliptical galaxies with velocity
dispersion σ > 70 km s−1 at redshift z < 0.05. We found
that elliptical galaxies dominate the bright/massive end
(& L∗) of the red sequence in the color-magnitude di-
agram, and disk-dominated galaxies dominate at lower
luminosity (. L∗). We also found that elliptical galaxies
and disk-dominated galaxies form different loci in color
gradient-magnitude/velocity dispersion space, suggest-
ing color gradient can be used for morphological clas-
sification.
We studied the dependence of properties of elliptical
galaxies on velocity dispersion and environment. Group
galaxies tend to have higher velocity dispersion, and thus
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higher mass.
We have calculated the average optical spectra as a
function of velocity dispersion and environment, which
all show a typical SED of an old stellar population. We
found that the average spectra depend strongly on veloc-
ity dispersion. Elliptical galaxies at lower-σ have a bluer
continuum, stronger Balmer and nebular emission, and
weaker metal absorption. This result is consistent with
the color-magnitude/mass relation that brighter/more
massive elliptical galaxies are redder in optical broad-
band colors.
Interestingly, we found weak but significant environ-
mental dependence of the average spectra. Elliptical
galaxies in the field have a bluer continuum, especially
at wavelengths . 4000 A˚, and have stronger (but still
weak) emission lines than their counterparts in groups.
However, this dependence on environment appears pri-
marily for low-σ ellipticals; the highest-σ ellipticals are
much less affected. Assuming that age is the dominant
factor shaping SEDs and that elliptical galaxies consist
of an old base stellar population and a small frosting of
young stars, we fit the frosting model to each spectrum
in the Elliptical sample. Assuming these trends to be
due to a young population, we found that the fraction
of galaxies with significant young population is higher at
lower velocity dispersion and in the field. We also found
that the environmental dependence appears primarily at
low velocity dispersion and vanishes at high velocity dis-
persion.
We measured the Lick indices of the flux-calibrated
SDSS spectra of galaxies in our Elliptical sample. In
agreement with previous work, we found strong index-
σ relations. The Balmer absorption indices are stronger
at lower velocity dispersion, while the metallicity indices
are stronger at higher velocity dispersion. The Balmer
indices of field galaxies are systematically stronger than
those of rich-group galaxies. As in the case of average
spectra, this dependence is most pronounced at low ve-
locity dispersion and disappears at high velocity disper-
sion. We did not find significant environmental depen-
dence of metallicity indicators, only that the α-element
indices appear to be slightly stronger in rich-group galax-
ies. We also noted that the emission line infill correction
for Balmer lines is an extremely difficult task.
Assuming SSP analysis applies to elliptical galaxies, we
have derived the SSP-equivalent age, iron abundance (in
terms of [Fe/H]), α−enhancement ([Mg/Fe]) and total
metallicity ([Z/H]). We found that the SSP-equivalent
parameters strongly correlate with velocity dispersion.
More massive elliptical galaxies are older, more metal-
rich, and more strongly α−enhanced. We also found
that, galaxies in rich groups are systematically older than
their counterparts in the field, by ∼ 1 Gyr. However,
this effect is strongest at low velocity dispersion. We
found that galaxies in rich groups are slightly more iron-
poor and slightly more strongly α−enhanced, but only
at a barely significant level. And we do not find no-
ticeable environmental dependence of total metallicity as
well. We have performed fits to the parameter-σ relation
and found that our fits are in very good agreement with
previous work, especially taking into account many un-
certainties such as zero-point corrections, different sam-
ples and data, and different SSP models employed. We
found that emission line infill corrections can affect the
age determination by ∼ 3− 4 Gyr. We also caution that
the SSP-equivalent age and metallicity may be affected
by the existence of the young component if the frosting
model applies to elliptical galaxies.
Finally, we make our sample publicly available to the
community11.
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TABLE 1
Sample Definition
Sample Size Description
Lowz 87, 623 All galaxies with SDSS imaging below z < 0.05
Environ 57, 885 Galaxies with Mr < −19.0 in Lowz
PhotoRS 37, 026 Galaxies that pass red sequence cuts (§2.1)
SpecRS 32, 726 Galaxies with SDSS spectroscopy in PhotoRS-Sam. 22, 621 with σ > 70 km s−1
Elliptical 1923 The elliptical galaxy sample
Bonus 430 The bonus elliptical galaxy sample without SDSS spectroscopy
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TABLE 2
Index-σ relation
Index Coeffecient All Rich group Poor group Field
Hβ (A˚) c1 2.02± 0.01 1.97± 0.01 2.02± 0.01 2.08± 0.01
Hβ (A˚) c2 −0.71± 0.04 −0.61± 0.06 −0.61± 0.07 −0.81± 0.10
HδA (A˚) c1 −1.18± 0.01 −1.31± 0.02 −1.17± 0.01 −1.03± 0.02
HδA (A˚) c2 −4.48± 0.06 −3.83± 0.10 −4.70± 0.10 −4.79± 0.15
HδF (A˚) c1 0.60± 0.01 0.53± 0.01 0.61± 0.01 0.67± 0.01
HδF (A˚) c2 −1.78± 0.04 −1.46± 0.07 −1.88± 0.07 −1.87± 0.10
HγA (A˚) c1 −5.08± 0.01 −5.20± 0.02 −5.09± 0.01 −4.99± 0.02
HγA (A˚) c2 −4.67± 0.06 −3.99± 0.10 −4.80± 0.10 −5.15± 0.15
HγF (A˚) c1 −1.11± 0.01 −1.18± 0.01 −1.11± 0.01 −1.05± 0.01
HγF (A˚) c2 −2.62± 0.04 −2.32± 0.06 −2.67± 0.06 −2.69± 0.09
〈Fe〉 (A˚) c1 2.59± 0.01 2.60± 0.01 2.58± 0.01 2.59± 0.01
〈Fe〉 (A˚) c2 0.93± 0.08 0.84± 0.07 0.97± 0.08 1.01± 0.11
Mg b (A˚) c1 4.00± 0.01 4.05± 0.01 3.99± 0.01 3.91± 0.01
Mg b (A˚) c2 3.44± 0.07 3.31± 0.07 3.55± 0.08 3.31± 0.11
[MgFe]′ (A˚) c1 3.25± 0.01 3.28± 0.01 3.25± 0.01 3.21± 0.01
[MgFe]′ (A˚) c2 1.96± 0.05 1.85± 0.05 2.03± 0.06 1.97± 0.08
C24668 (A˚) c1 6.28± 0.02 6.33± 0.03 6.21± 0.02 6.23± 0.03
C24668 (A˚) c2 5.78± 0.15 5.51± 0.15 6.24± 0.16 5.72± 0.23
Ca4227 (A˚) c1 0.99± 0.01 1.00± 0.01 0.98± 0.01 0.99± 0.01
Ca4227 (A˚) c2 0.58± 0.06 0.52± 0.05 0.63± 0.06 0.46± 0.08
Note. — Index = c1 + c2 (log10 σ − 2.2), where σ is in km s
−1.
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TABLE 3
SSP parameter-σ relation
SSP parameters Coeffecient All Rich group Poor group Field
log10 Age (Gyr) s1 0.78± 0.01 0.81± 0.01 0.77± 0.01 0.74± 0.01
log10 Age (Gyr) s2 0.50± 0.04 0.45± 0.05 0.50± 0.06 0.45± 0.08
[Fe/H] s1 −0.06± 0.01 −0.06± 0.01 −0.06± 0.01 −0.05± 0.01
[Fe/H] s2 0.37± 0.03 0.36± 0.04 0.42± 0.05 0.36± 0.06
[Mg/Fe] s1 0.25± 0.01 0.25± 0.01 0.24± 0.01 0.24± 0.01
[Mg/Fe] s2 0.32± 0.02 0.29± 0.03 0.35± 0.04 0.27± 0.05
Note. — SSP parameters = s1 + s2 (log10 σ − 2.2), where σ is in km s
−1.
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Fig. 1.— Randomly selected examples in the final Elliptical sample. We show the images, combined from images in gri bands, of 25
galaxies in ascending order of velocity dispersion (σ) from 70 km s−1 to 325 km s−1, from top to bottom and from left to right.
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Fig. 2.— Examples of bulge-dominated galaxies that pass parameter cuts in preselection but fail visual inspection. From left to right,
we show an SB0 galaxy with a broad bar in the left panels, an S0 galaxy with a faint dust lane in the middle panels and an S0 galaxy
with faded spiral arms in the right panels. Top panels: images, combined from images in gri bands. Middle panels: deblended images in
r band. The yellow contours are the isophotes, and the red lines are the ellipses determined by the Ellipse algorithm. Bottom panels:
surface brightness profile in r band, decomposed to a Se´rsic component (the bulge, B) and an exponential component (the disk, D). a
stands for the major axis, ǫ represents the ellipticity, and µr indicates the surface brightness in r band.
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Fig. 3.— Broad-band properties of elliptical galaxies, compared with parent samples. Red points indicate the galaxies in the final
Elliptical sample. The gray scales show the density distribution of the parent samples (LowZ in the top left panel, PhotoRS in the bottom
left panel and SpecRS in the right panels). Top left panel: Color-magnitude diagram of g − i vs. Mr . The solid line shows the red sequence
cut. Top right panel: Bulge-to-total (B/(B + D)) ratio vs. velocity dispersion (σ). Bottom left panel: Color gradient vs. Mr, where
the color gradient is defined as the difference between color within 15% light radius (r15) and color between the 15% and 90% light radii.
Bottom right panel: Color gradient vs. velocity dispersion (σ). Elliptical galaxies dominate the bright end and form a different sequence
from the disk-dominated galaxies in the color gradient-magnitude/σ space.
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Fig. 4.— Distribution of velocity dispersion (σ) and ellipticity (ǫ) of red-sequence galaxies and elliptical galaxies. Top panels: Normalized
histogram of σ and ǫ. Black solid lines indicate the distribution of the parent SpecRS sample, and red dashed lines represent that of the
Elliptical sample. Bottom panels: Fraction of elliptical galaxies in the parent SpecRS sample, as a function of σ and ǫ. The fraction is a
strong function of σ and ǫ. Elliptical galaxies dominate at the massive end and at the low ǫ end.
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Fig. 5.— Angular distribution of the parent SpecRS sample and part of the Elliptical sample in equatorial coordinates. In the upper
panel, we show the galaxies in SpecRS as black points. We show the elliptical galaxies in the bottom panel. Blue open triangles represent
field galaxies, magenta filled squares represent rich-group galaxies. We also show the position of the Coma cluster in the bottom panel.
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Fig. 6.— Distribution of velocity dispersion (σ) of elliptical galaxies as a function of environment. We show the distribution of number
of galaxies per 20 km s−1. For clarity, we have multiplied the number of the whole sample by 50%. The field galaxies tend to have lower
σ. The median σ for field, poor-group, and rich-group galaxies are 170, 186, and 203 km s−1, respectively.
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Fig. 7.— Average spectra (unsmoothed version) of elliptical galaxies as a function of velocity dispersion (σ). Before stacking each
spectrum, we normalize it to the mean flux between 5200 A˚ and 5800 A˚ where the spectrum is relatively flat. When stacking the spectra,
we mulptiply each spectrum in each subsample by a weight factor that is the ratio of the number of the galaxies in the whole sample to
that in the subsample at the same velocity dispersion (σ, Figure 6). This ensures that we are comparing spectra in all the subsamples,
e.g., in different environments, with the same effective σ distribution. We also calculate the jackknife errors by dividing each subsample
into 10 sub-subsamples with equal number of galaxies. The typical errors are smaller than 1% and we do not show them in this plot. We
define the σ bins to be of roughly equal size in log space. The two dotted lines are the same in each panel (0.35, 0.95) to guide the eye.
The average spectra at lower σ are apparently bluer.
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Fig. 8.— Average spectra (uniform version) as a function of velocity dispersion (σ). We show the ratio of the average spectra of all
elliptical galaxies in each σ (in km s−1) bin to that of all elliptical galaxies.
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Fig. 9.— Average spectra (unsmoothed version) of elliptical galaxies as a function of environment. They look strikingly similar to each
other. However, small differences do exist when we take a closer look in Figure 10. Note it is important to control for σ when comparing
samples in different environments (See Figure 7 and 8).
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Fig. 10.— Comparison of average spectra (smoothed version) of elliptical galaxies in different environments. We show the ratio of the
average spectra of the subsamples to that of the whole sample. We calculate the jackknife errors by dividing each subsample into 10 sub-
subsamples with equal number of elliptical galaxies and show them separately with gray scales. The field galaxies have a bluer continuum
and stronger Balmer and nebular emission lines, but by only ∼ 1 percent compared to the whole sample. The rich-group galaxies, on the
contrary, have a redder continuum and weaker Balmer and nebular emission lines, but also by only ∼ 1 percent.
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Fig. 11.— Comparison of average spectra (uniform version) of field elliptical galaxies with that of rich-group elliptical galaxies as a
function of velocity dispersion (σ). N(field) indicates the number of field elliptical galaxies, and N(rich group) indicates that of rich-group
elliptical galaxies in each σ bin. The gray scales shown are jackknife errors. Compared to rich-group galaxies, field galaxies have a stronger
continuum and stronger Balmer and nebular emission lines. The environmental dependence appears to be strong at low σ and vanishes in
the highest σ bin.
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Fig. 12.— Fraction of galaxies with the mass fraction of the young component fy > 2.0% as a function of environment and velocity
dispersion (σ). We fit each spectrum with a two-component model (young+old, §4.1.4). fy is the mass fraction of the young component.
fy = 2.0% gives NUV−r ∼ 5.4, which is the cut Schawinski et al. (2007) adopted to indicate recent star formation. This is based on the
assumptions that age is the dominant factor that shapes SEDs, and elliptical galaxies consist of an old base stellar population and a small
fraction of young stars (the frosting model). The fraction of galaxies with significant young stellar populations is a strong function of σ
and environment, consistent with the average spectra. The fraction is higher at low σ and in the field. The environmental dependence is
strong at low σ and vanishes at high σ.
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Fig. 13.— Balmer absorption indices in the Lick indices as a function of velocity dispersion (σ) and environment. We show the
measurements for field galaxies with blue open triangles in the left panels, those for rich-group galaxies with red upside-down triangles in
the middle panels and those for average spectra in the right panels. We also single out the Coma galaxies as purple solid circles in the
middle panels. The blue dashed lines represent the linear fits to the measurements for field glaxies, the red solid lines are the linear fits to
those for rich-group galaxies, and the magenta dot-dashed lines are for poor-group galaxies (not shown here). We show the typical errors of
measurements in the upper left corner in each panel. We correct the emission line infill by assuming EW(Hβ)=0.6 EW([O III] λ5007) and
higher-order Balmer decrement Hγ/Hβ = 0.46 and Hδ/Hβ = 0.26. The Balmer indices are all weaker at higher σ and stronger in the field.
The emission line infill corrections of Hβ measurements of the average spectra in the lowest σ bin appear to be underestimated (Figure 15).
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Fig. 14.— The same as Figure 13, but for metallicity indicators in the Lick indices. The metal absorptions look very similar. Only the
α-element indices seem to be slightly weaker in the field, but at a barely significant level.
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Fig. 15.— Average spectra within a narrow wavelength range containing Hβ, [O III], and Hα. Red solid lines represent the average
spectra of rich-group galaxies and blue dotted lines indicate that of field galaxies. This shows the difficulty in emission line infill correction.
When calculating the Balmer Lick indices, correcting Balmer emission lines using direct Hα or Hβ measurements merely recovers the
template used to fit the continuum and it is in fact almost impossible to measure reliably when the emission is weak and entangled with
absorption. Meanwhile, [O III] λ5007 can be measured more reliably, but the Hβ/[O III] λ5007 ratio suffers from a large scatter.
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Fig. 16.— Hβ vs. 〈Fe〉 diagram. We plot Hβ and 〈Fe〉 on top of the S07 models with [Mg/Fe]=0.30. We here only show the galaxies
within the velocity dispersion range 2.10 < log10 σ < 2.30 (125 km s
−1 < σ < 200 km s−1). The filled stars are the median values of field
galaxies, poor-group galaxies and rich-group galaxies in each panel. The error bars show the 1σ scatters in both axes. In the lower right
panel, we also show the elliptical galaxies in the T05 sample, corrected to flux-calibrated Lick indices with empirical corrections given by
S07. Compared to rich-group galaxies, field galaxies are more spread into younger grids. The Coma galaxies in our sample appear to be
in general older than average. Our Hβ measurements are systematically larger than those in T05 sample, most likely caused by emission
correction.
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Fig. 17.— Hβ vs. 〈Fe〉 diagram, but with TMB models with [α/Fe]=0.30. We correct all the measurements to the standard Lick indices
with empirical corrections given by S07 to match the TMB models. In the lower right panel, we also show the elliptical galaxies in the T05
sample.
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Fig. 18.— Hβ vs. [MgFe]′ diagram. We plot the measured Hβ and [MgFe]′ on top of the S07 models with [Mg/Fe]=0.30. We only show
the galaxies within the velocity dispersion range 2.10 < log10 σ < 2.30 (125 km s
−1 < σ < 200 km s−1). The filled stars are the median
values of field galaxies, poor-group galaxies and rich-group galaxies in each panel.The error bars show the 1σ scatters in both axes. In the
lower right panel, we also show the elliptical galaxies in the T05 sample, corrected to flux-calibrated Lick indices with empirical corrections
given by S07. Because the T05 catalog only includes the average index 〈Fe〉, we instead show the index [MgFe]=
√
Mg b · 〈Fe〉.
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Fig. 19.— Hβ vs. [MgFe]′ diagram, but with TMB models with [α/Fe]=0.30. We correct all the measurements to the standard Lick
indices with empirical corrections given by S07 to match the TMB models. In the lower right panel, we also show the elliptical galaxies in
the T05 sample.
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Fig. 20.— 〈Fe〉 vs. Mg b diagram. We plot the measured 〈Fe〉 and Mg b on top of the S07 models with age 7 Gyr. We only show the
galaxies within the velocity dispersion range 2.10 < log10 σ < 2.30 (125 km s
−1 < σ < 200 km s−1). The filled stars are the median values
of field galaxies, poor-group galaxies and rich-group galaxies in each panel. The error bars show the 1-σ scatter in both axes. In the lower
right panel, we also show the elliptical galaxies in the T05 sample, corrected to flux-calibrated Lick indices with empirical corrections given
by S07. Rich-group galaxies are slightly more spread into higher [Mg/Fe] grids.
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Fig. 21.— 〈Fe〉 vs. Mg b diagram, but with TMB models with age 7 Gyr. We correct all the measurements to the standard Lick indices
with empirical corrections given by S07 to match the TMB models. In the lower right panel, we also show the elliptical galaxies in the T05
sample.
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Fig. 22.— SSP-equivalent parameters vs. velocity dispersion (σ). Using Hβ, 〈Fe〉 and Mg b, we derive the SSP-equivalent parameters
from the S07 models with age, [Fe/H], [Mg/Fe] and [Z/H]=[Fe/H]+0.94 [α/Fe]. The red solid lines are the linear fits to the derived
parameters for rich-group galaxies, the magenta dot-dashed lines represent those for poor-group galaxies and the blue dashed lines are for
field galaxies. The large open symbols show the derived parameters for the average spectra, whose derived age and [Fe/H] are affected by
the uncertainties in emission line infill correction of Hβ. The large filled symbols represent the derived parameters at the same velocity
dispersion of the average spectra, but assuming the index-σ scaling relations (Eq. 1) hold exactly. The error bars in the upper left corner
in the left panels are the median Monte Carlo errors. All parameters strongly correlate with σ, but all with a large scatter. More massive
galaxies are older, more metal-rich and more strongly α−enhanced. Rich-group galaxies are systematicall older than field galaxies, by ∼ 1
Gyr, although this effect is most pronounced at low σ. Rich-group galaxies also appear to be slightly more iron-poor (in terms of [Fe/H])
and slightly more strongly α−enhanced, but only at a barely detectable level. There is no noticeable difference of total metallicity [Z/H]
in different environments.
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Fig. 23.— Comparison of the best-fit scaling relations between SSP-equivalent parameters and velocity dispersion (σ) with those derived
in Nelan et al. (2005) and T05. The error bars are the 1σ scatter for each parameter in the whole sample, not the errors of the fits in Table
3. We have assumed [α/Fe]=[Mg/Fe] and [Z/H]=[Fe/H]+0.94 [α/Fe] (TMB) in the comparison. The relations are in good agreement with
each other. The main difference is in the age. Our derived age is ∼ 3 Gyr younger than theirs, mainly because our Hβ measurements are
larger than theirs by ∼ 0.3 A˚ (see, e.g., Figure 16). The difference is mostly likely caused by emission line infill correction (see text). The
median emission correction for Hβ in our sample is 0.37 A˚, which translates to ∼ 4 Gyr in the derived age.
